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Nearly 3 billion people rely on solid fuels for their cooking and heating needs, classifying them as
“energy poor”. This poverty can be attributed to several factors, including a lack of resources
(fuel), inefficient infrastructure (production and distribution), limited purchasing power (poverty),
and ill-devised policies. Solid fuels, such as biomass, coal, and dung cakes, are burned in
inefficient cookstoves. They generate products of incomplete combustion (PIC), such as CO,
particulate matter (PM), and CH4, causing household air pollution (HAP) whose adverse impacts
on both health and the environment have been well established.
HAP causes diseases such as chronic obstructive pulmonary disorders (COPD), acute respiratory
infections (ARI), tuberculosis, bladder and lung cancers, cataracts, and pneumonia. The World
Health Organization has declared HAP to be the single largest environmental health hazard,
accounting for 3.8 million deaths annually. Moreover, residential solid fuel combustion is a leading
source of primary aerosols, which play important roles in atmospheric physics and chemistry, and
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affects regional and global climate with a net warming effect. To curb the adverse impacts of HAP,
the United Nations has set a Sustainable Development Goal of eradicating energy poverty by 2030.
Research on multiple fronts seeks to provide cleaner cooking energy by engineering either the
cooking systems or the fuel. Developing more efficient solid fuel stoves, called improved
cookstoves (ICS), has received the highest attention but the low adoption and still high emissions
of ICS mean they alone will not eradicate energy poverty. This dissertation focuses on both
options, i.e., ICS, and cleaner cooking fuel alternatives.
Part 1 discusses the efficacy of current cookstove technology and the research needed to further
advance the technology. Research on ICS is hampered by multiple concerns including a lack of
fundamental research, real-time measurements to capture temporal variations, and high reliance
on rules of thumb and experience. Extensive real-time physical and chemical characterization of
pollutants from different ICS cookstoves was performed, and the effects of different operating
conditions and fuel types were quantified. A 1-D steady-state model for a co-current moving bed
reactor was integrated with a particle growth dynamic model to simulate combustion and pollutant
formation in a top-lit updraft ICS. Field studies in India were conducted to explore how the
cookstove and its surroundings interact and its subsequent effects on human health. Findings from
the work done in Part 1 highlighted the need to look beyond the current metrics for assessing
cookstove performance and regulating air quality. Moreover, cookstove combustion and emission
characteristics change drastically with inevitable variations in operating parameters, which leads
to inconsistent performance and personal exposure.

Current ICSs are usually cleaner than traditional cookstoves, but still not close to the desired
performance level. Therefore, cleaner fuel alternatives such as liquefied petroleum gas (LPG),
xxi

natural gas, and electricity must be considered, though they require overcoming challenges such
as resource constraints, affordability, accessibility, and policy. Part 2 focuses on understanding the
intricate factors governing household fuel preferences via regional scale modelling and analysis
from both the user’s and provider’s perspectives. This newly developed understanding will enable
policymakers to target and manipulate the key factors governing household fuel preferences, and
thus to promote adoption of cleaner fuel alternatives.

xxii

Chapter 1
Introduction
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1.1 Background and Motivation
Almost 3 billion people still rely on solid fuels such as biomass, coal, and dung cakes burned in
cookstoves to cook their food and heat their homes. Inefficient combustion in these cookstoves
generates a range of products of incomplete combustion (PIC), such as CO, black carbon (soot),
and CH4 [1-4] causing household air pollution (HAP). These PICs have adverse impacts on both
human health and the environment. The World Health Organization (WHO) recently declared poor
indoor air quality as the biggest environmental health hazard, accounting for 3.8 million deaths
annually [5]. Inhaled ultrafine particles generated from solid fuel combustion can evade the body’s
mucocilliary defense system and deposit deep in the alveolar region of the lungs, leading to shortterm inflammation and oxidative stress [4], and to long-term chronic obstructive pulmonary
disorders (COPD) [6]. Other diseases caused by exposure to biomass emissions include acute
respiratory infections (ARI), cataracts, and tuberculosis [6-9]. Moreover, more than a half of
deaths of children under five due to pneumonia has been attributed to particulate matter (PM)
emitted from cookstoves [5]. There is no scientific doubt left about the adverse health impacts
associated to HAP caused by cookstove emissions.
Apart from the first hand exposure of the members of the households burning solid fuel, second
hand exposure to cookstove emissions is also a concern. Cumulative cookstove emissions affect
local air quality, and even households using clean cooking fuels are exposed to second hand
emissions [10]. A model by WHO [11] showed that 92% of the world’s population is exposed to
ambient air quality levels worse than the WHO limits. It can be said that cookstove emissions play
a significant role in the degradation of ambient air quality, especially in the world’s two most
populated countries, China and India, where respectively 45% and 64% of the population uses
solid fuel cookstoves (Table 1-1). Moreover, cookstove emissions affect regional climate, and
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therefore, their mitigation provides an attractive opportunity to make an immediate effect on
regional scale climate [12-16]. Residential solid fuel combustion is the biggest source of primary
organic aerosols. Lacey et al. [16] used numerical models to demonstrate that removing
carbonaceous aerosols originating from cookstove in just two countries, India and China, would
result in a net global cooling effect. But biomass cookstoves have highly variable emissions, which
translates to variability in emissions inventory required as an input for the global climate models.

Table 1-1: Country wise statistics on residential scale solid fuel consumption and associated deaths. HAP stands
for household air pollution. Data obtained from Global Alliance for Clean Cookstoves [17]

Country
China
India
Bangladesh
Ghana
Guatemala
Kenya
Nigeria
Uganda

Population using solid
fuels for cooking (%)
45
64
89
83
64
84
75
95

Number of people affected
by HAP (millions)
617
839
143
23
10
39
137
37

Number of deaths
per year from HAP
1468000
1250000
85000
18000
500
22000
128500
21000

Apart from the adverse impacts of cookstove emissions on health and the environment, there are
other disadvantages, for example, deforestation due to unsustainable use of firewood [18, 19],
socio-economic drawbacks such as women’s safety, opportunity cost (missed earnings and
education) of the time consumed in fuel collection and preparation, and human discomfort from
smoke during solid fuel combustion [20]. The following section discusses possible solutions to
address the issue of HAP caused by cookstove emissions, along with their current status and gaps
that need further research.
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1.2 Possible Solutions: Status and Gaps
Providing access to clean energy is a multi-dimensional task in terms of both challenges and
possible solutions. The focus here is on residential solid fuel combustion, which is currently

Figure 1-1: (A) A typical energy ladder, showing that people adapt cleaner cooking fuel
alternatives with increasing income and development, thus reducing their personal exposure. (B)
A possible energy ladder scenario with the use of improved cookstoves for solid fuels, which shifts
solid fuels upwards in the energy ladder but not beyond other cleaner fuel alternatives. LPG:
liquified petroleum gas
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dominated by solid fuels and traditional cookstoves. Figure 1-1A demonstrates a typical energy
ladder on which solid fuels (cow dung, crop residue, biomass, and coal) are at the bottom, being
burned by communities usually characterized as low income and less developed. The ideal case
is to use cooking fuels towards the top of the energy ladder, such as natural gas, liquified petroleum
gas (LPG), and electricity, but these are accessible to only a selected few people. Two options to
address HAP and its subsequent effects on health and environment are: (1) the introduction of
better technology for cleaner combustion of solid fuels (transition from Figure 1-1A to 1-1B), and
(2) a transition from solid fuels to cleaner fuel alternatives, such as LPG and electricity. Efforts
both to improve the cooking system (from traditional cookstoves to improved cookstoves) [17, 2124] and to provide access to cleaner fuel alternatives [25-28] are being made, though the former is
receiving more attention.

1.2.1 Cookstove
The majority of cookstove users continue to use traditional cookstoves [17, 29] which are made
locally, and the type and design vary by region. Some common types of traditional cookstoves
include the three-stone stove and U-shaped mud stove. An improved cookstove could be either a
newly designed stove or a traditional cookstove modified to achieve lower emissions and higher
combustion efficiency. Efforts have been made since the last few decades to promote adoption of
improved cookstoves, but their adoption rates have been globally low, owing to factors such as a
lack of robustness, non user-friendliness, and mismatches with users need [29, 30]. Only 166
million households globally are estimated to be using improved cookstoves, just a small fraction
of the total households relying on solid fuels for cooking and space heating [29].
Although improved cookstoves generally produce lower emissions than traditional cookstoves,
they still emit alarmingly high pollutant concentrations. Table 1-2 presents reported PM2.5 and
5

CO exposure data for different types of improved and traditional cookstoves. In some instances,
exposure levels from traditional cookstoves were lower than those from improved cookstoves,
which may be attributed to factors other than the type of cookstove, such as the fuel and the
ventilation characteristics of the kitchen. This unpredictability highlights the complexity of field
studies and the difficulty of controlling many influential parameters. Table 1-2 also illustrates that
ICS still have unsafe level of emissions. No improved cookstove consistently performs to safe
indoor air quality levels when used in the field. Both traditional and improved cookstoves vary in
terms of design and operating principles which, in addition to the various field-related variables
such as fuel and cooking-style (operating conditions), make it difficult to have a cookstove that
consistently emits at rated emission levels. The enormity and complexity of this issue requires
large-scale collaborative efforts. Cookstove research has led to a recent increase in different types
of commercially available cookstoves, and an increased, but still low, adoption rate among the
households.
Because fuel type strongly affects cookstove combustion and emission characteristics [38-40],
cookstoves should be developed and optimized for a specific fuel. Fuel specificity is often
neglected by cookstove developers, and performance tier ratings are often obtained using one
particular fuel, then marketed in regions that use completely different types of fuel. Firstly, the
physical and chemical characteristics of each potential fuel must be examined. Small-scale
controlled studies, such as that on the flat flame reactor by Fang et al. [41], enhance our
understanding of fuel combustion and pollutant formation, and how these vary with fuel properties.
The knowledge acquired then needs to be translated into larger scale experiments, i.e. cookstoves
in controlled laboratory settings. Solid fuels, especially biomasses, inherently vary in their physical
and chemical characteristics, such as size, moisture content, and calorific value, which affects
6

combustion and pollutant formation. Therefore, a step-wise approach would better distinguish the
effects of fuel type, cookstove design, and operating conditions.
Table 1-2: PM2.5 and CO concentrations reported in previous literature for different types of traditional cookstoves
(TCS) and improved cookstoves (ICS)

Cookstove
ICS
TCS (U Shaped)

ICS
TCS

PM2.5
(mg/m3)
1.126
9.835

14-47
30-75

CO
(ppm)
3.9
18.5

Study Details

Reference

-

Laboratory study
[32]
Average concentration over
the cooking period
Different types of ICs (with
chimney) and TCs studied
Fuel: Pine wood
Laboratory study
[33]
Average concentration over
the steady-state
Fuel: klin dried timber

Field Study
[31]
Average concentration over
steady-state phase of cooking
period
Fuel: biomass

Three stone
ICS Chulikaa
ICS Oorjab

28.5
4.63
1.07

50
70
70

TCS (U shaped)
ICS (with chimney)

0.52-1.25
0.33-0.99

7.88-10.82 Field study
3.02-8.37 48-hr average concentration
Fuel: wood

[34]
[35]
[36]

TCS (U Shaped)
ICS Patsaric

0.218
0.88

-

[37]

a

rocket

b

Field study
24-hr average concentration
Fuel: wood and cowdung

forced draft gasification-based cookstove

c

chimney cookstove

.
Another research gap is the lack of utilization of numerical models for combustion in cookstoves
[42]. Among the limited models proposed to simulate combustion in cookstoves, the focus has
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been only on gaseous products [43-52]. There are no models for PM emissions from a cookstove
[42], a critical research gap since most of the cookstove research focuses on reducing PM
emissions. Particle formation in a combustion system is a complex process occurring at the
molecular scale and involving multiple intermediate species, and the instruments to measure these
species are either lacking or quite expensive. This poses a real challenge, necessitating multiple
assumptions in developing basic PM formation and growth models, which may then be modified
further in the next iteration to capture the complexity of the process. Such models, nevertheless,
are needed to complement experimental work focusing on PM emission reduction.
Moreover, there is room for improvement in current cookstove testing protocols. The most widely
used standard for assessing cookstove performance, the Water Boiling Test (WBT) [22], has
multiple limitations. It is a crude approximation of the cooking process in controlled settings, and
thus fails to represent real field conditions. For example, the WBT requires a pot whose
specifications are not standard. Per the WBT protocol, a pot size common to the region of interest
should be used. This lack of standardization introduces variables in terms of pot characteristics
(the size and material of the pot) that could significantly affect emission characteristics. L’Orange
et al. [53] showed that the pot temperature, which is governed by the pot size, material, and amount
of water used, has a significant effect on both PM2.5 levels and particle size distribution.
Drawbacks of the WBT and similar cookstove testing protocols can be addressed with the
Controlled Cooking Test (CCT) and the Uncontrolled Cooking Test (UCT). In the CCT, a
standardized version of the local meal is cooked in a controlled environment to evaluate cookstove
performance, both in terms of thermal efficiency and emissions. But even the CCT fails to capture
all the variables that might exist in the field. For example, Arora et al. [54] demonstrated that
emission characteristics depend not just on the type of meal cooked but on how it is cooked. They
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reported emission factors of CO that varied up to 49%, depending on cooking style. The UCT,
which calls for measurements in the field while household members cook different types of meals
without any standardization and intervention, seems to address the issues associated to the CCT.
The data collected from long-term monitoring of cookstoves being used in the field will provide
robust and conclusive data on a cookstove’s performance.
The choice of metrics currently used to quantify cookstove emissions is another concern. The most
common metric is emission factor, i.e., the weight of pollutants normalized by either the weight of
fuel consumed or the energy delivered. While the emission factor is a good metric to compare
fuels or cookstoves, it contains limited information about the emission profile evolution during the
burn-cycle. A low emission factor doesn’t necessarily mean a low exposure level, and the emission
factor for a pollutant is not constant during the whole burn cycle because most cookstoves operate
in a non-steady state, i.e., batch operation. Moreover, it is not possible to translate emission factors
to personal exposure. The inclusion of real-time measurements in cookstove testing protocols will
enable the evaluation of real-time emission factors. Another option is measuring real-time
pollutant concentrations instead of emission factors. However, it should be recognized that using
concentration-based metrics for pollutants has many challenges, because the concentrations do not
depend only on the stove and fuel, but also on other characteristics, such as kitchen size and
ventilation. This interdependence emphasizes that measuring concentration levels in numerous
field settings is the best way to evaluate exposure from cookstoves.
Unlike gaseous pollutants, for which concentration and emission factors are the only metrics, PM
can be quantified in multiple ways other than mass-based metrics such as PM2.5 and PM10. So,
although mass-based metrics are the most popular, PM metrics such as number concentration,
surface area concentration, and particle size distribution may better represent the potential health
9

effects of PM. For example, two stoves creating the same PM2.5 level could have different particle
number and surface area concentrations. Relying only on PM2.5, like the current testing protocols
and policies, could obscure the fact that the cookstove with the lower mean diameter is emitting a
higher concentration of smaller particles. Such particles are potentially more detrimental to health
because smaller particles might have a higher lung penetration efficiency (a function of particle
size and the region of lung) [55, 56]. This shortcoming highlights the importance of incorporating
more PM metrics, which will require additional instrumentation. The cost of such instruments is
one drawback, thus opening another research opportunity to develop cost effective instruments for
measuring cookstove emissions in both the laboratory and the field. Efforts are being made to
develop inexpensive and small PM sensors [57-60] to enable transitioning from gravimetric
sampling to real-time measurements. Moreover, these inexpensive sensors can further be used in
a network by making them wireless and connected to the cloud or to a central data acquisition
system [57, 58, 61] for sampling sites where high spatial variability is expected. The data collected
from such sensor networks will enable 3D mapping of PM levels at various scales, such as a single
household or an entire community.
Along with the inclusion of more physical metrics for PM emissions, the chemical characteristics
of PM merit more intensive investigation. Recently, Chinese policymakers began promoting coal
briquettes to replace traditional coal, because briquettes demonstrated a lower mass of PM
emissions. Chen et al. [62] chemically characterized the PM from the two fuels to demonstrate that
coal briquettes produce up to 170 times higher levels of polycyclic aromatic hydrocarbons (PAHs)
than traditional coal. Similar trends were demonstrated in laboratory experiments exploring the
effect of moisture on PM chemical composition [39]. Chemical characterization of the PM from
applewood, as-is and oven dried, burned in an improved cookstove showed that dried applewood
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emitted PM with a lower organic content but a higher PAH concentrations (Figure 1-2). Therefore,
even though a fuel may be producing less PM in terms of mass concentration, it may be producing
higher concentrations of arguably more toxic species. This dilemma raises questions over current
cookstove testing protocols and air quality standards, which are dominated by mass-based PM
metrics e.g., PM2.5.
In addition to these aspects, efforts should focus on increasing the robustness and user-friendliness
of cookstoves, factors which are known to be critical in ensuring adoption and sustained use of
ICS [29]. A lack of after-sales service also plays a key role, which highlights that a whole

Figure 1-2: Response, proportional to mass concentration, of four polycyclic aromatic hydrocarbons (PAH)
measured by a thermal desorption aerosol gas chromatograph-mass spectrometer (TAG-GC/MS) on left y-axis
and organic concentration in particulate phase measured by a high-resolution time-of-flight aerosol mass
spectrometer (HR-ToF-AMS) on right y-axis.
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infrastructure surrounding cookstove production, dissemination, and maintenance needs to be
developed to ensure increased retention rates of ICS.

1.2.2 Fuel
Finally, it must be acknowledged that achieving safe levels of emissions from ICS without
compromising affordability and utility would be extremely challenging [63]. The exposureresponse curve for health effects from PM exposure is non-linear, and health seems to be more
sensitive to PM at lower concentrations, resembling ambient levels [64]. Although more research
is required to generate more accurate exposure-response curves for HAP, the data in hand indicate
that a multifold reduction in emission levels from ICS is required to achieve a significant positive
impact on human health. Moreover, the predominant solid fuel is biomass, which is considered to
be both renewable and carbon neutral: the two most sought after characteristics for any source of
energy. But when burned in cookstoves, biomass is neither carbon neutral nor renewable. PICs
generated during biomass combustion lead to a net warming effect [12-16], and non-sustainable
exploitation of biomass has already led to deforestation in many regions [18, 19]. Therefore, it is
important to bear in mind that improved cookstoves, while necessary right now, should be seen as
only an interim step towards the pursuit of clean cooking energy. The goal should be the transition
to cleaner fuel alternatives, not just because of the impacts on health, but also to reduce
environmental degradation.
Cleaner cooking fuel alternatives such as liquefied petroleum gas (LPG), natural gas, electricity,
and biogas are potential candidates to replace the domestic consumption of solid fuels. But fuel
transitioning in many resource-constrained nations is a mammoth task. Though a lack of resources
seems to be the most obvious reason for the slow adoption rate of any such initiatives, there are,
in fact, many other less-obvious factors that can be manipulated through policy tools to provide
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cleaner fuel access to many households currently using solid fuels. There are advantages and
disadvantages to all cleaner fuel alternatives. Electricity, as highlighted by Smith [63], is now
being looked at as a potential alternative for cooking in many countries. Micro grid solar
photovoltaics (PV) can be explored for such applications, therefore reducing the reliance on fossil
fuels. Due to recent advances in electric cooking stove technologies, solar PV seems to be a better
option than solar thermal pathway. Biogas, which is derived from dung and shares similar
combustion characteristics with LPG or natural gas, is not popular due to the high capital cost
required for the construction of the anaerobic digester.
Indonesia and Brazil are two recent examples of large-scale fuel transition, although each
approached the fuel transition differently. To discourage deforestation caused by fuelwood
demand, Brazil subsidized LPG and succeeded in making it the most popular cooking fuel - used
by more than 90% of the population. But when the subsidies were reduced or removed, Brazil
observed a reduction of 5.3% in LPG consumption in a single year [65]. This decline highlights
the importance of subsidies as a tool for policymakers, Still, to demonstrate that subsidies alone
might not be sufficient in many cases, it is important to discuss fuel transitioning in Indonesia. The
Indonesian government succeeded in transitioning more than 50 million households away from
kerosene, which was a subsidized fuel, to less-subsidized LPG. Increasing LPG production
capabilities and building distribution networks played a key role in this successful fuel transition,
which emphasizes that price is not the only factor governing fuel adoption, and other factors,
including uninterrupted fuel supply and accessibility, also play key roles.
In some cases, ineffective policies and a lack of infrastructure could be more critical factors than
subsidies. For example, 11.4% of rural Indian households use LPG [66], but only 1.3% of
households get it through a distribution network [67]. This statistic highlights that the government,
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due to underdeveloped LPG supply and distribution networks, is unable to cater to even the rural
population who do possess the purchasing power.
Other aspects affecting fuel preference are lack of education as well as various socio-cultural
norms. It is imperative that policymakers educate communities about the health impacts of poor
indoor air quality, an effort that could give an extra impetus to any fuel transitioning initiatives.
Another obstacle is the role of the cook, mostly women, in the decision-making process. If the fuel
choice of a household is made by a family member not using it, the comfort and health of the cook
will likely not be given priority. Social justice and women’s empowerment will play key roles in
the success of any initiative for the adoption cleaner fuel alternatives.

1.3 Objectives
The issue of HAP arising from combustion of solid fuels poses multi-scale challenges. Moreover,
these challenges require multi-disciplinary expertise in fields such as fundamental heat and mass
transfer in cookstoves, dose-response curves, exposure assessment, social science, and policies.
The work presented in this thesis is an attempt to develop a holistic understanding of solid fuel
combustion at residential scale by conducting multi-scale studies from multi-disciplinary
perspectives. For ease of understanding, the objectives of this study (listed below) are divided into
three scales: (1) micro scale, representing lab-scale work to understand the fundamentals of
combustion and subsequent pollutant formation in cookstoves, (2) meso scale, representing a
community with multiple households using these stoves, and (3) macro scale, focusing on a region
or a nation.
Micro Scale
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•

Investigate real-time physical and chemical characteristics of the pollutants formed during
combustion in cookstoves, and enhance our understanding of how different design and
operating parameters and fuel properties affect combustion and emission characteristics

•

Simulate the combustion and particle growth in cookstoves by modelling it as a co-current
moving bed reactor

Meso Scale
•

Conduct field studies to establish effects of HAP on human health, and explore how
different household characteristics and socio-economic factors are associated with HAP
and health.

•

Deploy and demonstrate the utility of low cost instrumentation for PM measurement in the
field for understanding spatio-temporal behavior of HAP and its implications.

Macro Scale
•

Develop regional scale models to understand why a particular cooking fuel is preferred
over another alternative from a household’s perspective, and demonstrate how this
enhanced understanding can be used to promote adoption of cleaner cooking fuel
alternatives.

1.4 Outline of the dissertation
The thesis is presented at various scales in Figure 1-3. Chapter 2 aims at developing an
understanding of cookstove emissions, with a focus on the various physical characteristics of the
PM emissions. A comparative study of the emissions from two different cookstoves (natural draft
and forced draft gasifier) and different fuel types (applewood, coal, and cow dung cakes) is
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conducted. Data from real-time instrumentation, capturing metrics such as particle size
distribution, mass concentration, and surface area concentration, demonstrate the utility of realtime measurements in understanding the temporal behavior of cookstoves. Moreover, the effects
of cookstove design and operating parameters, in tandem with the fuel properties, on emission
characteristics are established.

Figure 1-3: A summary of the research work presented in this dissertation.

Apart from the physical characteristics of the PM emissions, chemical characteristics also govern
the interaction of PM with biological systems (health effects) and the atmosphere (environmental
effects). Therefore, Chapter 3 focuses on assessing the real time chemical characteristics of the
ICS PM emissions using a high-resolution time-of-flight aerosol mass spectrometer (HR-ToFAMS) and a thermal desorption aerosol gas chromatograph-mass spectrometer (TAG-GC/MS).
The work demonstrates that temporal variation in the physical (Chapter 2) and chemical
16

characteristics does not always follow similar trend. Though subject to further investigation, the
findings from Chapter 3 also indicate that a higher mass concentration of PM does not necessarily
mean a lower toxicity of PM, indicated by polycyclic aromatic hydrocarbons in this case.
Therefore, the mass concentration of PM might not be the best metric to regulate air quality to
protect human health. This finding lays the ground to explore other metrics beyond mass
concentration (PM1, PM2.5, and PM10).
Developing an improved cookstove with consistent performance in the field is challenging.
Chapter 2 and Chapter 3 demonstrate high variability in cookstove emissions with different
operating conditions and fuel types, even in a controlled lab setting. The high sensitivity of the
cookstove to a range of variables makes it difficult to measure and understand the effect of each
variable via experiments. Therefore, Chapter 4 aims to develop a numerical model for capturing
the variables of cookstove performance: the complex interplay between the input variables
(cookstove design and operating parameters, and fuel properties) and output variables (cookstove
thermal and emission performance). The model is developed as a 1-D steady-state model for cocurrent moving bed reactors. Moreover, a particle growth model is integrated with the combustion
model. The trends from model results shed light on the experimental observations reported in the
Chapter 2, Chapter 3, and the literature.
Apart from the lab-scale fundamental studies, it is critical to assess and understand the interaction
of the cookstove with its surroundings; therefore, the work presented in Chapter 5 and Chapter 6
focuses on two different field studies. Chapter 2-5 demonstrate the utility of real-time aerosol
instrumentation in enhancing our understanding of the evolution of the emission characteristics of
a cookstove in both lab and field settings. But the biggest challenge to the widespread use of these
instruments is their high cost. Moreover, they have limited battery capacity, are bulky, and are
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heavy, making them unsuitable for field applications. Therefore, Chapter 5 focuses on a field study
in India, conducted to deploy a wireless network of low-cost dust sensors to assess their
performance and feasibility in capturing the spatio-temporal behavior of PM emissions from
cookstoves. The data captured using the low-cost sensor provided insights about our limited
understanding of personal exposure and its spatio-temporal evolution in households using
cookstoves.
Chapter 6 presents the findings from another field study enrolling 96 households in two states in
southern India. This work is the first of its kind to use real-time aerosol instrumentation to capture
lung-deposited surface area. Key findings from Chapter 6 demonstrate that the lung-deposited
surface area, instead of mass concentration, of PM emissions more accurately reflects the lung
function, thus further justifying for including more metrics than just the mass concentration of PM.
Chapters 7 and 8 aim to develop our understanding of the user fuel preference from both the user’s
and provider’s perspectives. A regional scale cost-benefit analysis models is developed to
understand the interplay of different factors governing a household’s fuel preference. Since this is
a regional scale model, the utility of the model is demonstrated by applying it to rural India, which
accounts for more than a quarter of the people dependent on solid fuels globally, and the model is
validated by predicting the current cooking fuel usage pattern there. Key factors governing user
fuel preference are identified, and how these factors can be manipulated by policymakers to
promote adoption of cleaner fuel alternatives is demonstrated. Although the cost-benefit analysis
model (Chapter 7) is applied to India, it can be easily applied to other countries or regions after
appropriate modifications. Finally, Chapter 8 presents a regional analysis of the history, present,
and future trends of the cooking energy portfolio in India. Different cleaner cooking fuel
alternatives are explored, along with their associated costs and environmental implications.
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Chapter 2
Characterization of Gaseous and
Particulate Pollutants from Gasificationbased Improved Cookstoves

The results reported in this chapter were published in – Patel S., Leavey A., He S., Fang J.,
O’Malley K., and Biswas P. " Characterization of gaseous and particulate pollutants from
gasification-based improved cookstoves." Energy for Sustainable Development 32 (2016): 130139
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2.1 Abstract
Cookstove studies have reported pollutant concentrations (mainly PM2.5, black carbon and CO)
without routinely associating it with the design and operating principles of the stoves. Extensive
characterization of pollutants from cookstoves and the effect of different operating conditions are
required for a better understanding of the mechanisms of pollutant formation. In this chapter, a
forced draft (FD) and a natural draft (ND) gasification-based improved cookstove were tested
under controlled conditions. Real-time pollutant concentrations, both particulate (PM2.5, lungdeposited surface area and particle number size distribution) and gaseous (CO, CO2 and NOx),
from these stoves using three types of fuel (applewood chips & chunks, cowdung cake and coal)
along with different cookstove operating conditions (air flow rates and with or without a cooking
pot) were measured and compared. The FD cookstove tended to exhibit higher concentrations of
emissions compared to the ND cookstove. Increasing airflow through the FD stove decreased
flame length and the residence time of VOCs inside the flame zone, which in turn increased
pollutant concentrations. An optimum air flow producing the lowest particulate matter (PM)
concentrations was established for the FD cookstove. The CO-CO2 ratio, an indicator of
combustion efficiency, demonstrated strong correlations with PM2.5 (r = 0.857), particle geometric
mean diameter (r = 0.900), and the total surface area concentration (r = 0.908) indicating that COCO2 ratio may be used as a proxy for these PM metrics. Results reported in this chapter will
facilitate further improvements in the design of future cookstoves.
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2.2 Introduction
Two million tons of biomass, including animal dung and agricultural residue, are burned daily in
cookstoves in the developing world [1], and along with coal, provides energy for space heating
and cooking to almost three billion of the world’s poorest people [2]. High concentrations of
pollutants such as particulate matter (PM), carbon monoxide (CO), and organic compounds are
emitted due to incomplete combustion of these solid fuels in cookstoves. Inhaled ultrafine particles
(UFP) generated from solid fuel combustion can evade the body’s mucocilliary defense system
and deposit deep in the alveolar region of the lungs leading to short-term inflammation and
oxidative stress [1], and long-term chronic obstructive pulmonary disorders (COPD) [3]. Other
diseases from exposure to biomass emissions include acute respiratory infections (ARI), cataracts,
and tuberculosis [3, 4]. The World Health Organization reported that the exposure to air pollution
led to 7 million deaths in 2012, making it the world’s largest single environmental health risk [5].
Household air pollution accounted for more than half of these deaths.
The majority of those who rely on solid fuels use traditional three-stone cookstoves and open fires
to cook their food [6]. Studies have reported concentrations exceeding 10 mg/m3 and 300 ppm for
PM2.5 and CO, respectively [7-10]. Because most of the improved cookstoves have better
combustion efficiency, they produce fewer emissions, thus renewed impetus to promote and
distribute these cookstoves [6, 11]. However, combustion efficiency differs widely between these
improved cookstoves with gasification-based cookstove among the best performing stoves.
Laboratory studies comparing both the forced-draft (FD) and less frequently the natural-draft (ND)
gasification-based stove, to other cookstoves have repeatedly demonstrated their improved
efficiency and reduced emissions [12-15]. For example, Kar et al. [12] reported a 77% reduction
in black carbon (BC) emissions for the FD Philips stove compared to a traditional mud cookstove,
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while Jetter et al. [15] reported lower CO and PM2.5 emissions per unit energy delivered to the
cooking pot compared to a three-stone stove. With the exception of a few studies [14, 16],
correlating pollutant concentrations with the design and operating principles of a particular
cookstove has rarely been done. Such correlations are critical for further improvements to
cookstove design.
Another important aspect is a protocol for testing the stove which will allow comparisons. Many
researchers have proposed a Water Boiling Test (WBT). However, this test has limitations which
are defined in the WBT protocol itself [17]. The WBT does not prescribe the exact pot to be used
for the tests. This introduces another variable (size and material of the pot) potentially changing
the emission characteristics. L’Orange et al. [18] showed that the pot temperature has a significant
effect on PM characteristics. For example, a hot pot resulted in lower PM10 with smaller particle
sizes. Other tests, such as the Controlled Cooking Test (CCT) and Uncontrolled Cooking Test
(UCT) better capture cookstove performance when cooking actual food in both laboratory and
field settings. Arora et al. [19] followed the CCT to demonstrate that emissions characteristics
depend on the type of meal cooked, and not just the type of meal but even the thickness of a roti
(a type of Indian bread) altered emissions. They found CO fluctuated by up to 49% depending on
different cooking styles. Because recently published studies are increasingly demonstrating the
effect that small changes in cooking (pot / food / water temperature) alter emission characteristics,
it is clear that the WBT and other similar laboratory tests fail to represent field conditions.
Although it is true that cookstoves are rarely used without a pot, their performance in the absence
of a pot must be investigated to gain a fundamental understanding of the combustion processes to
avoid complexity and reduce uncertainty especially in controlled laboratory studies.

Such

combustion studies are often lacking due to the emphasis of establishing emission factors (EF)
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which vary significantly based on the field cooking styles, and also do not accurately correspond
to eventual health or climate impacts.
Although Jetter and Kariher [14] compared cookstove performance for different types of biomass,
few studies have incorporated dung and coal into their analysis, a key gap given that: 1) dung
features low on the energy ladder and is therefore used by the poorest and most vulnerable
members of society [2, 20]; and 2) coal continues to dominate in certain communities and is
especially heinous. For example, in the Damodar Valley, India, 2.55 million tons of coal are
consumed domestically each year [21]. Households that burn coal consistently demonstrate higher
pollutant concentrations compared to those that burn biomass [22]. Impaired immune system, CO
poisoning, COPD, and lung cancer have been reported from exposure to coal combustion
emissions [1, 22]. Finally, with the exception of a handful of studies that have incorporated
multiple particulate metrics, including particle number size distributions, into their study [23-27],
most studies focus on PM2.5 and CO. Also, with the exception of a couple of studies [8, 10], lungdeposited surface area has not been investigated.
The overall objective of the work presented in this chapter was to conduct an extensive
characterization of particulate and gaseous pollutants from biomass and coal burned in two
gasification-based improved cookstoves; FD Philips (HD 4012) stove and ND Quad, a Top Lit
Updraft (TLUD) stove. Correlations between concentrations of different pollutants were
investigated to evaluate the feasibility of using one pollutant as a proxy for others. In addition, the
influence of a cooking pot on pollutant concentrations was assessed. Finally, the Philips stove was
operated at 3 different air flows to examine the influence on particle number size distribution
(PNSD). Results obtained in this study were explained based on the operating principles of
gasification-based cookstoves. Comparisons between the FD and ND stoves enhanced the
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understanding of pollutant formation which should facilitate further improvements in design of the
stoves.

2.3 Materials and Methods
Different system components are described in the following sections. An overall test plan is
provided in Table 2-1.

2.3.1 Cookstoves Studied
Two gasification-based cookstoves, the Philips (Model No. HD4012 LS) and the Quad TLUD
were investigated. As illustrated in Figure 2-1, primary air passes through the inner cylinder, where
the biomass is placed. Biomass gasification occurs in the primary oxidation zone (lower region) in
the presence of limited oxygen. Producer gas, consisting mainly of CO, lower hydrocarbons and
volatiles, is then oxidized by the air in the secondary oxidation zone at the top of the cookstove. A
more detailed description of design and operating principles of the stoves is discussed in Section
2.4.

Figure 2-1: Schematic diagram of (A) the natural draft top-lit updraft (TLUD) and (B) the
forced draft Philips™ stove
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2.3.2 Fuels
The three fuels investigated were applewood, cowdung cake, and coal. Each of these fuels are used
by different income groups. Cowdung cake is a popular fuel in rural India, especially among
households with low and medium income [20]. Fresh dung from grass-fed cows was collected
from a farm near St. Louis (MO) USA, shaped into patties and left to dry in the open for two weeks
during the summer season. Chemically untreated applewood was purchased locally. Two sizes of
applewood, chips (1-3 cm long thin pieces) and chunks (4-6 cm cubes), were tested to examine the
effect of fuel size. Bituminous coal from Brilliant (Alabama) was also tested. Fuels were procured
from the same batch and stored at constant ambient conditions to minimize variability. The
properties of the various fuels used are reported in the literature and vary from reference to
reference: proximate analysis, ultimate analysis and heating value for applewood [25, 28, 29],
dung cakes [30-32] and bituminous coal [33, 34].

2.3.3 Experimental Setup
Experiments were conducted in a fume hood in a controlled environment to facilitate comparisons
by minimizing the variability between different runs. A schematic diagram of the experimental
setup is shown in Figure 2-2. A hood with a 0.37 m2 area was installed above the cookstove. Flow
from the hood was sampled using an aspiration-based sampling system [35, 36]. The aspirationbased sampling system creates a suction using low pressure generated from the flow of dilution
air, therefore no pump downstream is required. A dilution flow of 0.094 cubic meters per minute
was used to achieve a dilution ratio of 4. After the dilution unit, a fraction of the sample was
collected by an isokinetic sampling probe while the rest was vented out. The sample then passed
through a diffusion dryer to remove any moisture to prevent interference with readings. Copper
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and conductive tubing was used throughout the sampling train to minimize particle loss during
transport.

Figure 2-2: Experimental setup for real-time emission characterization

The test plan for this study is outlined in Table 2-1. Unlike the water boiling test (WBT), which
assesses thermal efficiency [14, 15] under controlled settings, this work focused on the pollutant
characteristics (concentrations and size distribution in case of PM) as a result of the gasification /
combustion processes in different cookstoves. All tests were done without a cooking pot as the
focus was on the gasification-combustion process. However, one test (ID 9, Table 2-1) was
performed with a pot to examine its influence and also to highlight that a pot is an important
variable that impacts emissions. The TLUD stove was fired using applewood chips and a pot with
5 liters of water. The quantity of water was selected to ensure that it hovered just below boiling
point, thus minimizing any interference with instrument readings from added moisture. The impact
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on emissions on use of a pot is however more complex (e.g. size, shape and material of the pot)
and was not the scope of this study. The Philips stove, fueled with applewood chips, was tested at
three different air flow rates: low, medium and high, to assess its effect on particulate emissions.
Each experimental test was repeated a minimum of three times. Observations on the flame
structure (length and intensity) and smoke characteristics were also noted.
Table 2-1: Experimental plan for laboratory test of cookstoves
Test ID Cookstove Fuel type
Fuel load (g) Air flow
1
Applewood chips
210
Medium
2
Applewood chunks 280
Philips
3
Cowdung cake
110
4
Coal
650

5
6
7
8
9

10
11

TLUD

Philips

Applewood chips
Applewood chunks
Cowdung cake
Coal
Applewood chips
(with pot)

860
1200
450
2500
860

NA

Applewood chips
Applewood chips

210
210

Low
High

Objective
Fuel comparison

Fuel comparison
Stove comparison
Impact of pot

Impact of airflow
(with Test 1)

2.3.4 Characterization of Particulate and Gaseous Pollutants
Total number concentrations and PNSD were measured using a scanning mobility particle sizer
(SMPS 3080, TSI) and a condensation particle counter (CPC 3022, TSI). The SMPS operates by
charging particles to a known charge distribution by a bipolar charger in an electrostatic classifier.
Charged particles are then classified based on their electrical mobility in an electric field and an
optical sensor in the CPC measures the number concentration. Real-time measurements of lungdeposited surface area were made using a nanoparticle surface area monitor (AeroTrak 9000, TSI).
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This instrument can provide surface area concentrations of particles deposited in either the
tracheobronchial (TB) or alveolar (A) regions of the lung based on deposition curves obtained
from models developed by the International Commission on Radiological Protection (ICRP) [37].
The surface area concentration of particles deposited in the TB region was recorded in this study.
Details about the operating principles of the AeroTrak 9000 are provided in Leavey et al. [38].
A DustTrak II (Model 8532, TSI) was used to monitor PM2.5. This portable instrument works on
the principle of light scattering. A fraction of the sample flow, to be used as sheath flow, is passed
through a HEPA filter. Particles scatter the light, as they pass a laser diode. The degree of light
scattering depends on the size, shape and density of the particles. The scattered light falls on a
spherical mirror which focuses it on a photo detector resulting in a voltage which is proportional
to mass concentration.
The EL-USB-CO EasyLog®, manufactured by LASCAR Electronics, was used to record CO
levels. It oxidizes CO to CO2 producing a current proportional to the CO concentration. The range
of the instrument is 0-300 ppm with the smallest data logging interval of 10 seconds. A portable
gas analyzer (HORIBA PG-250) was used to measure CO2 and NOx levels. The NOx unit uses a
cross-flow modulation chemiluminescence, while the CO2 unit operates on the principle of the
non-dispersive infrared (NDIR) method. A LabVIEW® program was created for data acquisition,
and so that data could be stored in one second intervals.

2.3.5 Analysis
The burn cycle of the stoves was divided into three phases: the ignition, steady-state and
extinguishing phase (Figure 2-3). This study focused on data collected whilst the cookstove was
operating under steady-state burning conditions, as this represents the major part of the total
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operation time, and is the phase during which cooking occurs. The steady-state phase was defined
as the time period during which concentrations of CO and CO2 were relatively stable, and a flame
with constant intensity and length was observed. The ignition phase was marked as the time
between the ignition and start of the steady-state phase. Similarly, the extinguishing phase was
marked from end of the steady-state phase until flame extinction. The duration of steady-state
varies with stove, fuel type, and experimental settings. In a field study, Sahu et al. [8] reported the
start of steady-state at approximately 20 minutes post ignition, while Leavey et al. [10] reported
an interval of 2-15 minutes between ignition and the start of steady-state phase in another field
study. In this laboratory study, steady-state began within 2-5 minutes from ignition, depending on

Figure 2-3: Three combustion phases of the Philips stove fueled with applewood chips and corresponding realtime CO and total particle concentration profiles

stove and fuel type. A plausible explanation for this disparity is the optimal conditions under which
experiments were conducted in the laboratory and the difference in the type of cookstoves used.
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In the case of coal, two steady-states were defined, the flame phase characterized by flames and
heavy smoke and the smoldering phase when flames dies out leaving only red hot glowing coal.
The duration and the heat generation rate of both phases were found to be comparable but pollutant
characteristics during these two phases differed significantly.
This study reports average concentrations over the steady-state phase only. While most of the PM
metrics measured directly, mass and surface area concentrations were calculated using PNSD data
from the SMPS. To analyze the correlation between concentrations of different pollutants, a
correlation test was performed using R Statistical Software (version 2.101).

2.4 Construction and Operating Principle of the Gasification-based
Cookstoves
The typical construction of a gasification-based cookstove includes two concentric cylinders open
at each end (Figure 2-1). Design parameters of the two stoves are presented in Table 2-2. Fuel is
placed in the inner cylinder and air flowing through it is labelled as the primary air flow. The
annular region between the two cylinders acts as a channel for the secondary air flow. Unlike a fan
installed at the bottom of FD cookstoves, a temperature gradient along the height of the stove
creates an updraft in ND cookstoves. Thus, ND cookstoves are generally taller than FD cookstoves
to create a comparable updraft. Also, as most of the FD cookstoves require a power source to
recharge the batteries for the fan, ND cookstoves may have an advantage for regions not on the
grid.
One ND (Quad TLUD) and one FD (Philips) stove were investigated in this study. Both cookstoves
are top-lit, which means that the biomass is initially ignited from the top and the high temperature
layer propagates downwards through the packed bed. The top-ignition method produces
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significantly less PM, CO and NOx compared to the bottom-ignition method with no significant
difference in cookstove efficiency [39] and this might explain why the cookstove manufacturers
recommend the top-ignition method. Convection is the major mode of heat transfer to the fuel
during bottom-lit ignition, whereas conduction and radiation dominate the heat transfer for the toplit ignition. In the top-lit ignition method, fuel is ignited at top and the heat is transferred to the
fuel beneath through conduction. The packed bed can be divided into three zones starting from top
to bottom: the gasification zone characterized by the highest temperature, the devolatilization zone
and the drying zone.
Table 2-2: Design parameters of the stoves
Philips
Height (cm)
Distance between primary and
secondary air inlets (cm)
Diameter of inner cylinder (cm)
Diameter of outer cylinder (cm)
Fuel chamber capacity (cm-3)
Material of construction
Insulation

30
12

Quad
TLUD
43
21.5

11.5
18.5
1350
Stainless steel
Ceramic inner walls

18
22.5
5468
Sheet metal
None

The primary air flow is much lower than the secondary air flow due to the cookstove design and
resistance of the packed bed. Oxygen deficiency, due to low primary air flow rate combined with
high temperature in the primary oxidation zone, leads to the gasification of fuel generating
producer gas consisting mainly of CO and N2. The producer gas then mixes with the secondary air
at the top of the stove producing a more stable and smokeless flame compared to traditional stoves.
This process of transferring carbon from solid fuel to gaseous fuel (producer gas) followed by its
combustion in a controlled sequential manner is what makes combustion in a gasification-based
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cookstoves efficient. This modular function (primary and secondary oxidation zone) ensures flame
generation at the top of cookstove irrespective of the fuel level in the stove. Producer gas also
contains tar, but in much lower concentrations compared to CO and N2, which participates in
particle formation if not oxidized completely in the secondary oxidation zone. Since CO is
intentionally produced in the primary oxidation zone, it is of utmost important to oxidize it in the
secondary oxidation zone to ensure user’s safety.

Figure 2-4: Effect of air flow rate on particle number size distribution for the Philips stove
fueled with applewood chips

The primary and secondary air flow rates are key parameters to tune the performance of
gasification-based cookstoves. Air flow rate can be controlled in FD cookstoves by adjusting the
fan speed but the primary and secondary air flow rates cannot be controlled individually in most
of the single fan models. Very few FD gasification-based cookstove models come with two
separate fans to control both the primary and secondary air flow rate. The airflow control
mechanism in ND stoves, if available, usually does not offer an airflow range as wide as in FD
stoves and hardware modifications may be necessary. Too low secondary air flow rates result in
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incomplete oxidation of the gasification products in the secondary oxidation zone due to
insufficient oxygen. Too high secondary air flow rates lower residence time of the producer gas in
the secondary oxidation zone resulting in incomplete combustion. High flow rates also lower the
temperature of the oxidation zone which decelerate the oxidation reactions.
Experiments were performed to study the effect of air flow rate on particulate emission
characteristics of the Philips stove. The Philips stove fueled with applewood chips was tested at a
high, medium, and low air flow rate. The PNSD are presented in Figure 2-4. The lowest particle
number concentrations were observed for a medium airflow indicating that there is an optimum
airflow which leads to the most efficient combustion. For this reason, the Philips cookstove was
operated at a medium airflow setting for all further experiments. Previous modeling studies [40,
41] also reported an optimum air flow rate for maximum thermal efficiency and lowest gaseous
emissions. A low air flow rate leads to incomplete combustion and a high air flow rate leads to
heat loss because of excess air, thus decreasing the temperature of oxidation zone.

2.5 Results and Discussions
In this study, characterization of gaseous and PM emissions from two gasification-based improved
cookstoves was performed. Three fuels; applewood, cowdung cake and coal were tested. Realtime measurements of PNSD, PM2.5, lung-deposited surface area, CO, NOx, and CO2 were
collected and the average levels during steady-state phase are reported. Combustion efficiency was
characterized by the CO-CO2 ratio. Correlation tests were also performed on all pollutants and the
CO-CO2 ratio.
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2.5.1 Particulate Emissions
Tests 1 to 4 (Philips) and 5 to 8 (TLUD) are for comparison of emissions for different fuels. Figure
2-5 presents PNSD measured for each cookstove for (A) coal and dung, (B) applewood chips and
chunks, with corresponding values of particle geometric mean diameter (GMD), standard
deviation and number concentration presented in Table 2-3. During the flame phase, coal produced
higher concentrations (Philips:2.42×109 # cm-3, TLUD:1.83×109 # cm-3) of larger particles (Philips
GMD:221 nm, TLUD GMD:255 nm) compared to the other fuels. In a field study, Zhang et al.
[22] reported a much lower mean diameter (70.3-75.7 nm) for honeycomb briquette, made from a
mixture of anthracite coal and clay, during first 15 minutes of combustion. This could be due to
improved combustion as the honeycomb shape provides higher surface area and better airflow
mixing through the cookstove. For both cookstoves, particle GMD during the coal smoldering
phase (Philips:84 nm, TLUD:72 nm) was significantly lower than that of the coal flame phase.
This could be attributed to a reduced devolatilization rate and thus lower tar production rate during
the smoldering phase.
Table 2-3: Geometric mean diameter, standard deviation and total number concentration during
steady-state operation of the TLUD and Philips stove

Geo. Mean
Dia. (nm)
255
221
72
84
85
112
46
51
49
48

Test ID Experiment
8
4
8
4
7
3
5
1
6
2

TLUD Coal Flame
Philips Coal Flame
TLUD Coal Smoldering
Philips Coal Smoldering
TLUD Dung
Philips Dung
TLUD Applewood Chips
Philips Applewood Chips
TLUD Applewood Chunks
Philips Applewood Chunks
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Geo. Std.
Deviation
1.51
1.64
1.77
1.61
1.76
1.66
1.56
1.64
1.70
1.67

Total number
Conc. (#/cc)
1.83 х 109
2.42 х 109
2.29 х 109
2.18 х 109
6.84 х 108
1.17 х 109
5.20 х 108
6.00 х 108
3.99 х 108
5.56 х 108

Figure 2-5: Steady-state particle number size distribution for the TLUD and Philips stove
with (A) coal and dung (B) applewood chip and chunk

The second highest particle concentration and mean size was observed for dung cakes for both the
Philips (number concentration:1.17×109 # cm-3, GMD:112 nm) and the TLUD stove (number
concentration:6.84×108 # cm-3, GMD:85 nm). The difference between these two cookstoves can
be explained by the higher airflow rate in the Philips cookstove compared to the TLUD stove.
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Tiwari et al. [42] reported much higher GMD for cowdung (152 nm) burned in a traditional Ushaped cookstove. Applewood, both chips and chunks, emitted smaller particles than dung and
coal.

Figure 2-6: Steady-state (A) PM2.5, (B) mass concentration, (C) lung-deposited surface area and (D)
surface area concentration for the TLUD stove () and the Philips stove ()

Figure 2-6 displays bar charts of PM2.5, mass concentration, lung-deposited surface area and total
surface area concentration. There is no PM2.5 and lung-deposited surface area data for any of the
coal runs because the instruments were unable to measure such high concentrations. Therefore,
mass concentrations (Figure 2-6B) were calculated from the PNSD data. As depicted in Figure 25A, a significant fraction of particles generated during the smoldering phase of coal exceeded the
detection limit and thus the calculated mass concentration values are an underestimation of actual
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levels. The most marked difference in PM2.5 levels between cookstoves was for dung cakes. The
Philips stove demonstrated a mean concentration of 119.80 mg m-3 compared to 9.08 mg m-3 for
the TLUD stove. Although the Philips stove also demonstrated a higher PM2.5 for applewood chips
and chunks, the difference was less significant. It was observed during the experiments that the
TLUD stove flame length was higher compared to the Philips stove with the same fuel type.
Smaller flames, combined with higher secondary air flow in the Philips stove, reduced the
residence time of gasification products in the secondary oxidation zone. Moreover, increasing
differences between the PM2.5 levels of the two stoves, operating with the same fuel, was observed
with increasing fuel size (chips:11.1%, chunks:28.1%, dung:1219.4%). The larger size of the dung
cake resulted in the lowest packing efficiency, thus providing the lowest resistance for primary air
flow which enhanced the effect of a higher flow rate on cookstove combustion efficiency. This
observation highlights the issue of fuel compatibility for a given cookstove. Lung-deposited
surface area (Figure 2-6C) and total surface area concentrations (Figure 2-6D) demonstrated
similar trends to PM2.5. However, lung-deposited surface area may be a better PM metric than
PM2.5 to understand health impacts of PM emissions characterized by high number concentration
of smaller particles [8].

2.5.2 Gaseous Emissions
Figure 2-7 presents data on NOx, CO and CO-CO2 ratio. The CO-CO2 ratio [43], i.e. the ratio of
partially oxidized to fully oxidized carbon, may be a better proxy of combustion efficiency from
the exposure perspective than the modified combustion efficiency (MCE), which is defined as
CO2/(CO+CO2) [15]. MCE is less sensitive to change in CO levels compared to the CO-CO2 ratio
on a molar basis.
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Figure 2-7: Steady-state concentrations of (A) NOx, (B) CO, and (C) CO-CO2 ratio for the
TLUD stove () and the Philips stove ()
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NOx formation rates depend on the temperature and the source of nitrogen which can either be
from fuel or ambient air. In a typical packed bed biomass combustion system, nitrogen (N) from
fuel is the main source of NOx formation [44]. Dung has the highest N content, followed by coal
and applewood [30, 44-46]. From Figure 2-7A, it can be clearly observed that the N content of the
fuel is not the only factor governing NOx formation, as NOx levels of applewood chips with the
Phillips stove (47 ppm) are comparable to that of dung (59 ppm) whose N content is around six
times higher than applewood. In addition, higher temperatures promote NOx formation [22, 47]
which may explain the higher NOx concentration measured for the Philips stove compared to the
TLUD stove for applewood and coal. The Philips stove combustion chamber is lined with a layer
of ceramic material which ensures low heat loss through the walls and thus higher temperatures.
The similar level of NOx observed during dung combustion for each of the stoves may be due to
its significantly higher N content. In addition, the lower NOx levels observed from coal during the
flame phase, as compared to the smoldering phase, for both stoves could be due to lower
temperatures during the flame phase because of highly endothermic devolatilization reactions and
moisture evaporation from the unburned coal.
CO is the major product from biomass gasification in the primary oxidation zone. A gasificationbased stove must efficiently oxidize it to CO2 in the secondary oxidation zone. As demonstrated
in Figure 2-7B, significantly higher CO levels were observed with the Philips stove fueled with
coal during the flame phase (800 ppm) and dung cakes (548 ppm), and the TLUD stove fueled
with coal during the flame phase (632 ppm). Though these concentrations were measured in the
plume, burning coal or dung cakes in similar stoves in a poorly ventilated setting may lead to subtle
cardiovascular and neurobehavioral effects at low level chronic concentrations and even death at
acute concentrations of CO [48]. The TLUD stove had lower CO concentrations than the Philips
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stove for all fuels, especially dung (Philips:548 ppm, TLUD:130 ppm). The CO concentration
trends were similar to the PM concentration, thus the same explanation that more gasification
products remain unoxidized in the Philips stove due to the lower residence time in the secondary
oxidation zone, may be given. A more detailed discussion on the correlations between these
metrics is provided in Section 2.5.3.
To investigate the effect of fuel size on concentrations of gaseous pollutants, two different sizes of
applewood (chips and chunks) were tested. CO levels decreased with decreasing fuel size
(Philips:213 ppm (chunks) and 65 ppm (chips), TLUD:106 ppm (chunks) and 46 ppm (chips))
while NOx showed the opposite trend (Philips: 20 ppm (chunks) and 47 ppm (chips), TLUD: 16
ppm (chunks) and 20 ppm (chips)). Similar trends have been reported by Bhattacharya et al.[39]
who suggested that the smaller size of the fuel intensified combustion thus promoting higher
temperatures, facilitating CO oxidation and NOx formation.

2.5.3 Correlation Tests between Different Pollutants
Correlations between concentrations of different pollutants can be explored to see whether one
pollutant may be used as a proxy for another. The primary focus was to investigate correlations
between gaseous and particulate emission parameters. Table 2-4 presents a correlation coefficient
(r) matrix with p-values for the 95% confidence interval. No significant correlations were observed
between NOx and the PM metrics at the 95% confidence interval, with the exception of lungdeposited surface area (r = 0.455). Strong correlations between PM metrics and CO levels were
expected, as both are products of incomplete combustion. However, CO demonstrated only
moderate positive correlations with particle GMD (r = 0.702), surface area concentration (r =
0.646) and mass concentration (r = 0.645). Also, weak correlations between CO and lungdeposited surface area (r = 0.445) and total number concentration (r = 0.394) were also observed.
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A moderately strong correlation (r = 0.760) was observed between CO and PM2.5 which is similar
to correlations reported in the literature by Venkataraman et al. [30] (R2 = 0.71). Likewise, in a
field study, Chowdhury et al. [49] reported correlations (R2) between PM2.5 and CO concentrations
ranging from 0.605 to 0.705 depending upon the type of cookstove. In a similar study, Commodore
et al. [50] correlated 4-hour mean personal PM2.5 exposures with personal CO exposures during
lunch (r = 0.67) and dinner (r = 0.72). Leavey et al. [10] reported a r-value of 0.71 for the
correlation between average PM2.5 and CO concentrations over the steady-state phase.
Table 2-4: Correlation coefficient (r) matrix with p-values, corresponding to 95% confidence interval, in parentheses

Even weaker correlations were observed between the PM metrics and CO2, with the exception of
total number concentration. This indicates that PM emissions are not only dependent on the
combustion rate, but also on the extent of combustion. To demonstrate this, correlation tests were
performed between CO-CO2 ratios and PM metrics. Stronger correlations of PM2.5 (r = 0.857),
particle GMD (r = 0.900), surface area concentration (r = 0.908) and mass concentration (r = 0.905)
with CO-CO2 ratio (Figure 2-8) were observed. This suggests that CO concentration normalized
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by an indicator of combustion rate (CO2 in this study) is a better proxy for PM metrics than CO
alone. Moderate correlation (r = 0.625) was found between PM2.5 and lung-deposited surface area.
Leavey et al. [10] reported a similar correlation (r = 0.64) between PM2.5 and lung-deposited
surface area during steady-state. This highlights the possibility of translating the correlations
between different pollutants from laboratory to field and vice-versa. The CO-CO2 ratio
demonstrated a weaker correlation with lung-deposited surface area (r = 0.496) compared to total
surface area concentration calculated from PNSD (r = 0.908) as the two surface area concentrations
are interrelated by a deposition efficiency curve which is not linear.

Figure 2-8: Correlations between CO-CO2 ratio and (A) total number concentration, (B) geometric mean
diameter, (C) surface area concentration, and (D) mass concentration
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Insignificant correlations between NOx and CO, CO2 and CO-CO2 ratio were observed. Mass
concentration, surface area concentration and GMD demonstrated a high correlation (r > 0.835)
with each other. Likewise, a strong correlation (r = 0.929) was observed between PM2.5 and mass
concentration calculated from PNSD data because only a small fraction of particles was observed
around the upper detection limit of SMPS for all fuels except coal flame phase. The total number
concentration demonstrated a moderate correlation with particle GMD (r = 0.556), mass
concentration (r = 0.636), and surface area concentration (r = 0.712).

2.5.4 Effect of a cooking pot on emission characteristics
The TLUD cookstove fueled with applewood chips was tested with and without a cooking pot. As
presented in Figure 2-9A, increased concentrations were observed for CO, PM2.5 and lungdeposited surface area when a pot was used, but the opposite trend was observed for NO x.
Concentration of CO was almost 10 times higher when a pot was added. This may be due to
changes in the flame structure and obstruction of air flow caused by the physical presence of the
cooking pot. Also, the addition of a pot may lower the gasification zone temperature which reduces
the rate of NOx formation and rate of oxidation of CO and VOCs. PM2.5 also increased by a factor
of 10 from 2.16 mg m-3 to 21.4 mg m-3 with addition of a pot, demonstrating a similar trend as CO.
However, a relatively smaller difference was observed for lung-deposited surface area (with pot:
4256 μm2 cm-3, without pot:3816 μm2 cm-3). This indicates that the addition of a cooking pot
promoted the formation of larger particles, for example in Figure 2-9B, particle GMDs were 69
nm (with pot) and 46 nm (without pot), whereas no significant change was observed for the total
number concentration (5.40×108 # cm-3 with pot and 5.20×108 # cm-3 without pot). Addition of a
pot changes multiple factors such as flame temperature and structure, and airflow characteristics.
Therefore, it is hard to associate the observed changes in pollutant characteristics to a single cause.
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This highlights the importance of studying these cookstoves without a pot but understanding the
effect of pot is also critical as it reflects the real field conditions.

Figure 2-9: Effect of a cooking pot on (A) concentrations of CO, NOx, PM2.5 and lungdeposited surface area (SA) and (B) PNSD from the TLUD stove fueled with applewood chips

2.6 Conclusions
This work presented in this chapter compared the gaseous and particulate pollutant characteristics
from two gasification-based improved cookstoves fed with different types of fuel. Pollutant
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concentrations from coal and dung combustion were significantly higher than that of applewood.
The ND TLUD stove demonstrated lower PM concentration compared to the FD Philips stove
which could be attributed to a higher airflow rate and lower height of the Philips stove. Moreover,
differences in PM2.5 levels between the two stoves, operated with the same fuel increased with
increasing fuel size. The trends observed in pollutant concentrations were explained by the design
and operating principle of gasification-based cookstoves. Fuel choice is governed by multiple
factors such as household income, season and geographical location which leads to fuel stacking.
Both cookstoves studied demonstrated significant difference in the emission levels with different
types of fuel. Therefore, it is important for an improved cookstove to be compatible with multiple
fuels common in the target region to achieve desired health and environmental impacts. High
concentrations of pollutants were observed for dung cakes and coal indicating that section of the
population lying at the bottom of energy ladder is at a greater risk. Therefore, it is tentatively
suggested that a cookstove should be designed specifically for dung cake and coal.
Strong correlations between CO-CO2 ratio and PM2.5, particle GMD and surface area concentration
were observed. Thus, CO-CO2 ratio may be used as a proxy for the particulate metrics. The COCO2 ratio is an indicator of combustion efficiency, a higher ratio indicative of a lower efficiency.
Since PM is also a product of incomplete combustion, the two metrics correlate well. It is important
to note however, that any such quantitative correlation factor may not be applicable with other
types of cookstove, fuel, or experimental design. The presence of a pot could also affect the nature
of such correlations.
Combustion in cookstoves is a complex process. This study demonstrated the importance of
operating parameters and cookstove design in reducing the pollutant concentrations. More
attention should be given to developing detailed cookstove combustion models that enhance the
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understanding between cookstove design, operation and performance to facilitate the engineering
of the next generation of improved cookstoves. Though significantly cleaner than traditional
cookstoves, improved cookstoves still emit high concentrations of pollutants. Therefore, they
should be viewed only as an interim solution towards the goal of providing cleaner energy for
household use.
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Chapter 3
Organic and Inorganic Speciation of
Particulate Matter formed during
Different Combustion Phases in an
Improved Cookstove

The results reported in this chapter were published in – Leavey A., Patel S., Martinez R., Mitroo
D., Fortenberry C., Walker M., Williams B., and Biswas P. " Organic and inorganic speciation
of particulate matter formed during different combustion phases in an improved cookstove."
Environmental Research 158 (2017): 33-42

Supplementary figures and tables are available in Appendix A
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3.1 Abstract
The prominence of residential solid fuel combustion in cookstoves, and the subsequent impact on
both health and the environment has been well established. Bladder and lung cancers, cataracts,
low birth weight, and pneumonia have been associated with using these cookstoves; and carbon
(black, brown, and other) emissions from these stoves remain one of the largest uncertainties in
global climate models. In this chapter, four solid fuels (1) applewood / dry applewood chips, (2)
oakwood pellets, (3) cow-dung cakes (dung) and (4) coal, corresponding to different rungs of the
energy ladder, were burned in a Philips forced draft gasifier cookstove (Model HD4012 LS), and
emissions were measured during different stages of cookstove operation. Concentrations of PM1,
total organics, chloride (Chl), ammonium (NH4), nitrate (NO3) and sulfate (SO4), as well as
particle-phase polycyclic aromatic hydrocarbons (PAHs) were measured using a High-Resolution
Time-of-Flight Aerosol Mass Spectrometer (HR-ToF-AMS) and a thermal desorption aerosol gas
chromatograph-mass spectrometer (TAG-GC/MS). Coal demonstrated the highest organic species
emissions of all the fuels, followed by dung. While dry applewood emitted a lower concentration
of total organics than applewood, a higher fraction of these organics was comprised of PAHs,
especially the more harmful ones. This raises a potentially serious health concern, one which is
neglected when particulate mass is used as the only metric to assess indoor air quality from
cookstove usage.

3.2 Introduction
The prominence of residential solid fuel combustion and its subsequent impact on both health and
the environment has been well established [1, 2]. Inefficient combustion in cookstoves generates
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products of incomplete combustion (PICs) such as CO, NOx, and volatile organic compounds
(VOCs), and also particulate matter (PM) – comprised of elemental carbon, complex mixtures of
organic carbon, sulfates, nitrates, ammonium, and metals. Recent estimates put global annual
mortality rates from household air pollution as a direct result from burning solid fuels in
cookstoves at almost 4 million [3], and another 0.5 million deaths are attributed to elevated levels
of particulates in ambient air from cookstove burning [4]. What is more, the contribution of
particulates to radiative forcing and cloud condensation nuclei (CCN) remains one of the largest
uncertainties in global climate predictions [5].
Studies have assessed PM emissions from cookstoves in both field [6-9] and laboratory settings,
[10, 11] with aerosol of aerodynamic diameter <2.5 µm (PM2.5) being the commonly accepted
metric for quantifying particulate pollution. However, more chemically-speciated cookstove
emission data is needed to gain a better understanding of what is being emitted and hence to
constructively link specific compounds with a specific disease outcome, or environmental (e.g.
climate) impact. Although a handful of studies have successfully characterized the organic and
inorganic non-refractory fraction of particles from residential wood combustion using an Aerosol
Mass Spectrometer (AMS) [12-15], few have done so while comparing multiple real-world
relevant fuels; nor has there been significant emphasis on cookstove use phase, an important
omission given the increasing onus on determining exactly what elements of this complex mixture
are most deleterious to health and, at what point during cookstove operation, they most frequently
occur. Although the evidence is mixed regarding the importance of sulfate and nitrate-containing
particles on human health risks [16-18], Reiss et al. [18] warn that there is insufficient evidence of
no health risk to justify their exclusion from measurement studies.
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A subset of organic species formed through inefficient pyrolysis or combustion of organic
material, and for which more studies exist, are polycyclic aromatic hydrocarbons (PAHs). PAHs
are relatively stable organic compounds containing carbon and hydrogen, and comprised of 2 or
more fused aromatic rings [19]. PAHs can exist in both gaseous and particulate phases, depending
on their volatility and ambient conditions. While PAHs with a lower molecular weight – small
PAHs (SPAHs), are more volatile and tend to partition into the gas phase, the heavier PAHs –
large PAHs (LPAHs) tend to present in particulate form and are generally considered of greater
concern to human health [19]. Many PAHs and their metabolites are classed as carcinogenic,
probably carcinogenic, or possibly carcinogenic to humans, as well as teratogenic and mutagenic
[20-23]. Human health effects from long-term exposure to PAHs include lung and bladder cancer,
as well as cataracts and liver damage, and neural tube defects [22, 24, 25]. Wang et al. [26] were
able to correlate ambient PAHs with cooking events, demonstrating that cookstove emissions are
an important source of PAHs in both indoor and outdoor air.
While there have been a number of laboratory and field studies that have examined PAH
concentrations emitted during coal [27-31], biomass [26, 32-35], plastic waste [36], or a
combination of some but not all biomass, dung, coal and LPG combustion [37-42], markedly few
have compared PAH concentrations from the most widely used solid fuels. Fewer still have
examined chemically-speciated compounds of PAHs from an improved cookstove (ICS).
Redressing this shortfall is important given the increasing onus on ICS distribution throughout the
developing world. Although switching to an ICS can significantly reduce the exposure to these
PICs, including PAHs [34], studies show that PM concentrations remain dangerously high [34,
43]. Cookstove use, and the distribution of improved cookstoves, is set to continue. Moreover,
the majority of manufacturers of these ICS recommend pellets as the preferable solid fuel and yet
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few studies have characterized their chemical properties and compared them to other more
commonly used fuels. It is important to empirically determine that as a household moves up the
energy ladder, the members of that household are indeed decreasing their exposures to these
harmful PICs. This chapter will therefore present concentrations of PM, total organics, chloride
(Chl), ammonium (NH4), nitrate (NO3) and sulfate (SO4), as well as PAHs, from different solid
fuels burned in a Phillips ICS during different cookstove phases. The aim is to increase our
understanding of what is being emitted and under what conditions, and to examine whether the
right metrics are being measured.

3.3 Materials and Methods
3.3.1 Cookstove and Fuels
A forced-draft gasifier cookstove, Phillips (Model HD4012 LS), was selected for this study owing
to its low emissions reported in previous literature [11, 44]. A gasifier stove works as a dual-stage
combustor. In the first stage, fuel gasifies to produce combustible gases and volatiles, which are
oxidized in the second stage, producing a flame. More details about the operating principles of
the Philips can be found in Patel et al. [43]. Four fuels (1) applewood chips (ambient and dry), (2)
oakwood pellets, (3) cow-dung cakes (dung) and (4) coal, corresponding to different rungs of the
energy ladder, were studied. Although biomass remains the most popular residential solid fuel,
coal and dung use are not insignificant in China and India, respectively [45, 46]. For this study,
dung was collected from grass-fed cows at a farm in Eureka, Missouri. Bituminous coal was
procured from Brilliant, Alabama. Applewood chips with no additives - representing biomass,
were purchased locally. Some of the applewood (dry applewood) was dried in an oven at 110oC
for 24 hours (with a 4.9% weight loss), to assess the effect of moisture content on emissions.
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Commercially available propane, a cleaner fuel alternative and similar to liquefied petroleum gas
(LPG) which is the most common residential cooking fuel in urban India [46], was also tested. A
single-burner stove was used for the propane experiments.
The Philips cookstove was operated according to the top-lit ignition method which requires that
fuel be fed to the cookstove as a single-batch, followed by ignition at the top of the bed. For each
experiment (coal excluded) 10 ml of ethanol was uniformly poured over the fuel to facilitate
ignition. Because coal was difficult to ignite, 30 g of applewood was soaked in 20 ml of ethanol
and added to the top of the coal bed for ignition. Similar to Patel et al. [43], the burn-cycle in the
Philips was categorized into 3 phases based on visual observations (flame characteristics). The
start-up (SU) phase begins just after ignition, and is categorized by non-uniform flickering flames,
which continues until the flame becomes steady, marking the start of the steady-state (SS) phase.
After a period of stability, flames begin to weaken and eventually diminish as the extinguishing
(Ext) phase sets in. Both the start time and the duration of each phase depend on the quantity of
fuel fed to the cookstove. Table 3-1 presents the fuel loadings and approximate duration of the 3
phases of the burn cycle.
Table 3-1: The weights of the different fuels burned, and durations of each phase of the burn-cycle

Duration of the phase (minutes from ignition)
Start-up
Steady-state
Extinguishing
(SU)
(SS)
(Ext)

Fuel type

Fuel weight (g)

Oakwood pellets

770

0-6

6 - 30

30+

Applewood

260

0-4

4-10

10+

Dry applewood

240

0-3

3-8

8+

Cow-dung cakes

170

0-3

3-7

7+

Coal

560

0-13

13-35

35+
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3.3.2 Experimental Setup and Instrumentation
The experimental setup for fuel combustion and sampling is presented in Figure 3-1. A hood with
an aspiration-based sampling system was used. More details about this setup is provided in Patel
et al. [43] (also in Chapter 2). Filtered air was used for dilution. Flowrates and sampling times
(for the TAG GC/MS) were adjusted depending on the concentrations measured for the different
fuels. Please refer to the Supplemental Information Table A-1 for details on flowrates and
sampling times. A fraction of diluted flow was channeled to the instruments and the rest was
vented out. All data presented in the results section have been corrected for dilution and sampling
times. A commercially available high-resolution time-of-flight aerosol mass spectrometer (HRToF-AMS) by Aerodyne Research, Inc. Billerica, MA, was used to measure online bulk chemical
composition of the PM1. The operating principle of the HR-ToF-AMS is described in detail by
DeCarlo et al. [47]. Briefly, aerosol passes through a series of focusing lenses and then through a
high-vacuum chamber to strip-off gas-phase material. The non-refractory component of the PM

Figure 3-1: Experimental setup for solid fuel combustion and real-time characterization of PM.
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is then flash-vaporized on a hot surface and analyzed for organics, chloride (Chl), ammonium
(NH4), nitrate (NO3) and sulfate (SO4). The time-resolution was set to one minute for all of the
AMS measurements.
A thermal desorption aerosol gas chromatograph-mass spectrometer (TAG GC/MS) [48] was used
to chemically-speciate the organic fraction of the PM. Individual compounds were identified
based on retention peaks using Chemstation software (Agilent Technologies; Santa Clara, CA) and
referenced to the National Institute of Standards and Technology (NIST) database.

Auto-

integration was performed using GCMS software, to calculate the peak area (raw responses), and
multiple samples were randomly selected for manual integration to ensure the integrity of the
automated process. These raw responses were adjusted for the differing dilution rates, instrument
flow rates and sampling times between cookstove runs, and these final adjusted responses were
then used for comparative analysis. The raw responses for which calibration data were available
(from calibration curves that were generated after standards had been injected into TAG at the start
of experiments) were converted first to mass and then to mass concentrations, again with
appropriate adjustments for flow rates and sampling times. TAG samples taken during initial
experiments were not pre-treated to remove gases, so to account for any gas-phase collection
occurring with the more volatile (2-ring,3-ring, and4-ring) PAHs, additional experiments were
performed with and without a high capacity diffusion denuder installed before the TAG sampling
inlet. Raw responses were corrected using these measurements; the correction method is outlined
in Appendix A (Fig. S1).
Unlike the AMS, the TAG requires one hour to analyze the sample (i.e. perform chromatography)
post collection. Therefore phase-wise sampling was conducted so that only one sample was
collected per cookstove run (Table 3-1). Moreover, to avoid instrument saturation samples were
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taken for only a short duration around the mid-point of each phase. All measurements for the SU
phase were collected after any kindling material (ethanol / ethanol-soaked applewood) was
exhausted. Finally, it is important to note that since the focus was on categorizing combustion
stages, samples were only collected for a fraction of each of these phases. A more comprehensive
study that could sample across an entire phase would enable emission factors for each phase to be
calculated. However, an extremely high dilution would have to be applied.

3.4 Results and Discussion
3.4.1 Organic and Inorganic PM Composition from the AMS
Both PM composition and mass concentrations are governed by combustion conditions and fuel
properties. Figures 3-2A and 3-2B present the PM composition (organics, Chl, NH4, NO3, and
SO4), and mass concentrations (PM1), measured by the AMS during the entire burn-cycle for each
fuel. As demonstrated in Figure 3-2A, organics dominate the particulate emissions, especially for
dung (94%) and coal (98%). Higher sulfate fractions were observed for pellets (20%), applewood
(11%) and dry applewood (3%), than for coal - which demonstrated almost no sulfate in the
particle-phase, even though coal possesses the highest sulfur content of all the fuels, [49-54]. This
finding may be attributed to the higher alkali metal content of the fuel woods compared to coal
[53-55]. Alkali metals enhance the partitioning of sulfur towards particle-phase in the form of
sulfates [56] and therefore most of the sulfur content of the coal is released in the form of SO2.
This is a common drawback for co-firing, where the alkali metal content of the biomass promotes
the conversion of a significant fraction of sulfur from coal to sulfate in particle phase, which upon
contact with water goes on to form sulfuric acid, causing. The health impacts from sulfate
exposures are not well understood but Lippmann et al. [17] found it to correlate well with PM, due
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to shared characteristics such as stability and low-volatility. A similar trend for the nitrate fraction
was also observed in the current study, indicating a possible correlation between nitrate and sulfate.
The highest ammonium and chloride fraction was observed for dry applewood (17%) and
applewood (12%).

Figure 3-2: (A) Particle composition, and (B) normalized mass concentrations (with respect to applewood)
of organics, chloride (Chl), ammonium (NH4), nitrate (NO3) and sulfate (SO4) averaged over the entire
burn-cycle for dung, dry applewood (DAW), applewood (AW), coal, and oakwood pellets (OWP).

Figure 3-2B presents mean PM1 concentrations for the AMS species for all fuels normalized with
respect to the highest emitting fuel (applewood) to facilitate fuel wise comparisons. Lower
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concentrations were observed for dung and coal than for applewood, which in in disagreement
with Patel et al. [43] (Chapter 2), who reported significantly lower PM2.5 concentrations for
applewood, compared to either dung or coal. This indicates that a significant fraction of PM from
dung and coal: (1) was bigger than the cut-off size (1 µm) of the AMS; (2) was refractory (for
example elemental carbon); and/or 3) contained other species not detected by the AMS. A large
difference in mass concentrations between applewood and dry applewood was also observed.
Applewood emitted higher concentrations of all species compared to dry applewood; for example,
organics concentration from applewood was more than 8 times higher than that from dry
applewood. This highlights the importance of moisture content in the combustion process. The
moisture content of a solid fuel affects the combustion process at different stages (drying,
pyrolysis/ devolatilization, gasification and combustion). A higher moisture content results in a
prolonged drying stage and a delayed onset of devolatilization. Fang et al. [57] studied the
pyrolysis of applewood in a flat flame, and found, through thermogravimetric analysis, that the
devolatilization rate of applewood increased with decreasing moisture content, which may have
enhanced particle formation. This is contrary to the findings in this study which examined
combustion in a cookstove, and is most likely due to the higher flame temperature, longer residence
times, and increased presence of O2 in the cookstove compared to the flat flame. A lower moisture
content leads to a higher rate of devolatilization, due to a higher heating rate. But in a cookstove,
the oxidation rate of the generated volatiles is also higher, because of the better mixing rate with
air, and because the combustion temperature is higher, owing to the lower moisture content of the
fuel. The combined effect of these two competing phenomenon: 1) increased volatile production
with lower moisture content; and 2) a higher combustion rate of these volatiles, governs the overall
PM emission. Whether this leads to an overall increase in PICs depends on the availability of O2.
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Figure 3-3: Time-resolved mass concentrations of organics, chloride (Chl), ammonium (NH4), nitrate (NO3) and sulfate (SO4) averaged over the
whole burn-cycle of (A) oakwood pellets, (B) applewood, (C) dry applewood, (D) dung, and (E) coal

In this study, it seems likely that the enhanced combustion rate dominated over devolatilization
thus lower PM (including organics, Chl, NH4, NO3 and SO4) was observed for dry applewood
compared to applewood. Oakwood pellets also demonstrated low concentrations of AMS species,
comparable to dry applewood. The physical characteristics of pellets: small size (a high specific
surface area), uniform in both size and moisture content, and a high packing density, typically
leads to uniform and efficient combustion compared to the unprocessed solid fuels. However,
pellets did demonstrate the second highest sulfate concentration, possibly due to additives and
binders added during its pelletization (although no information on this was provided by the
manufacturer). No AMS species were observed for propane.
Time-resolved normalized concentrations of the AMS species (organics, Chl, NH4, NO3, and SO4)
during the burn-cycle of each fuel were recorded, to examine the effects of the different burn
phases. Results are presented in Figure 3-3. No clear trends with respect to the three combustion
phases were observed across all fuels, although applewood and dry applewood demonstrated some
shared characteristics, as did dung and coal. This does not support the findings reported by Patel
et al. [43] (Chapter 2), who observed a clear trend for PM2.5 and particle number concentrations
characterized by high yet unstable concentrations during the SU and Ext phase, and low and
relatively stable concentrations during the SS phase. This highlights the variation between the
physical and chemical characteristics of PM emissions during a burn cycle. Organics were the
dominating species during the latter-half of the burn cycle for both applewood and dry applewood,
and throughout the burn-cycle for dung and coal, and no significant concentrations of any other
AMS species were observed for either dung or coal. The organic peaks observed at the onset of
the Ext phase for the majority of fuels may be attributed to a surge in non-oxidized volatiles due
to flame loss, after which the organic concentration decreases monotonically due to the depletion

of volatiles. Although applewood and oakwood pellets demonstrated comparable mean
concentrations of organics (Figure 3-2B), the emission profiles for these two fuels differed
significantly. Oakwood pellets produced particles with higher organics mass loadings during the
first half of the burn-cycle while an opposite trend was observed for dry applewood. This
difference could be due to a combination of stove design and fuel properties.

3.4.2 PAHs from the TAG-GC/MS

Figure 3-4: The number of PAH species detected, categorized by rings, along with the cookstove fuel and
phase. D = dung; DAW = dry applewood; AW = applewood; C = coal; P = pellets; SU = start-up; SS =
steady-state; Ext = extinguishing
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From the TAG data, 41 PAHs were identified: 13, 2-(aromatic) ring; 6, 3-ring; 6, 4-ring; 9, 5-ring;
7. 6-ring; and 1, 7-ring compounds. A list of these compounds is presented in Table 3-2. Of the
17 PAHs categorized by the US Agency for Toxic Substances and Disease Registry (ATSDR) as
of particular interest due to their potential harmful effects [20], 16 were identified in the cookstove
concentrations from this study. Figure 3-4 presents the number of species detected for each size
category of PAHs and it becomes apparent that this is a function of both fuel-type and cookstove
phase. While the majority of SPAHs, defined as 2- and 3-ring compounds, were observed in most
of the fuels, the LPAHs, defined as ≥ 4-rings, were observed most frequently in dung, coal and dry
applewood SU and SS emissions, comprising about 50% in terms of numbers of species detected.
Fewer LPAHs were observed during the extinguishing (Ext) phase for both dry applewood and
applewood, comprising just 7% of the total frequency, although this trend was not observed for
either dung or coal. Pellets generated the fewest PAHs of the solid fuels, with SPAHs comprising
88%, 94% and 93% of total numbers of PAH species detected in the SU, SS, and Ext phase
respectively. While fewer PAHs were identified during the Ext Phase compared to either the SU
or SS phase, the reduction was only really notable for dry applewood and applewood. Finally, no
PAHs were observed for propane.
Figure 3-5 presents total cumulative TAG responses for the different solid fuels during the 3
phases. The total responses for coal were more than an order of magnitude higher than for any of
the other fuels, and this persists across all phases. Coal PAH yields were highest in the SU phase
and lowest in the Ext phase. That being said, the lowest coal responses were still higher than the
highest responses from the next dominant fuel: dung. Dung responses dominate all remaining
fuels for all PAH-types for all phases, with one exception where 6-ring PAHs measured in the SS
phase for dry applewood dominate. Dung PAH yields are highest by far during SS phase followed
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Table 3-2: The PAHs identified in one or more cookstove runs for the various fuels
2-ring

3-ring

4-ring

5-ring

6+-ring

1-Methylnaphthalene

9h-pyrido(3,4-b)indole

7,12-Dimethyl benz[a]anthracene

Acepyrene

Anthanthrene

1H-Phenalen-1-one

Anthracene

13H-Dibenzo [a,h]fluorene

Benzo(b)fluoranthene

Benzo(g,h,i)perylene

1-Naphthalenecarbonitrile

Carbazole

Benz(a)anthracene

Benzo(k)fluoranthene

Coronene

2-Chloronaphthalene

Dibenzofuran

Chrysene

Benzo(ghi)fluoranthene

Dibenzo[a,e]fluoranthene

2-Ethynyl-naphthalene

Fluoranthene

Pyrene

Benzo(a)pyrene

Dibenzo[a,e]pyrene

2-Methylnaphthalene

Phenanthrene

Pyrene,1-methyl

Benzo[e]pyrene

Dibenzo[a,l]pyrene

2-Naphthalenecarbonitrile

Dibenz[a,c]anthracene

Indeno(1,2,3,c,d)pyrene

9H-Fluoren-9-one

Dibenz(a,h)anthracene

Acenaphthene

Perylene

Acenaphthylene
Azulene
Bibenzene
Fluorene

by Ext phase. Pellets demonstrated the lowest total yields of all the fuels, and this trend was
consistent across all PAHs and all phases. Similar yields of 2-, 3- and 4-ring PAHs were observed
between the 3 phases, and no LPAHs were observed in either the SS or Ext phase. Perhaps most
noteworthy however, was the consistently higher yields observed for dry applewood compared to
applewood in the SU and SS phases, with just one exception for 3-ring PAHs in the extinguishing

Figure 3-5: Total cumulative responses for the different solid fuels during different cookstove phases.

phase, and this disparity increased with PAH molecular weight so that the LPAHs observed for
dry applewood were more than an order of magnitude higher than for applewood. However, AMS
results (Section 3.4.1) highlighted the higher organic concentrations (and PM) detected for
applewood compared to dry applewood (Figure 3-2B and Figure 3-3). Therefore, it appears that
while dry applewood emits a lower concentration of total organics than applewood, a higher
fraction of these organics is comprised of PAHs, especially the more harmful ones. This raises a
potentially serious health concern, one which is neglected when PM is used as the only metric to
assess indoor air quality from cookstove usage. In a similar vein, Chen et al. [27] reported
unexpectedly higher PAH concentrations for coal briquette compared to traditional coal, the
former of which has been actively promoted over the latter by policy makers in China as a cleaner
fuel alternative based on PM and black carbon emissions. These findings highlight the importance
of conducting cookstove studies that provide data on the chemical speciation of PM, and not just
its physical characteristics. Finally, No LPAHs were observed in the Ext phase for either dry
applewood or applewood.
While fossil fuels, such as coal, naturally contain variable amounts of PAHs even prior to
combustion [27], biomass generally does not [58] and therefore any PAHs observed must be
formed during the combustion process. Biomass contains hydrocarbons which undergo thermal
degradation (pyrolysis) and break down at temperatures exceeding 500°C, forming simple
hydrocarbons such as acetylene, and other hydrocarbon free radicals. According to Simoneit [58],
free radical reactions control the pyrolysis chemistry of almost all organic substances, thus as the
temperature decreases these highly reactive free radicals recombine to acetylene in a process
known as pyrosynthesis, to form first benzene, an aromatic hydrocarbon, followed by stable
SPAHs, followed by LPAHs [23, 27, 58-60]. In this study, applewood was dried in an oven at a
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temperature too low for any devolatilization to occur. Fang et al. [57] demonstrated that with
decreasing moisture content biomass possesses a higher heating rate thus accelerating the pyrolysis
process and leading to a rapid release of volatiles promoting increased particle formation through
nucleation, condensation and coagulation. The authors conjecture that an increased heating rate
would also increase the formation of free radicals, and this would therefore lead to not only
increased PAH formation, but more free radicals with which to form the heavier and increasingly
toxic LPAHs. The experimental results in this study demonstrate a higher frequency and yield of
LPAHs for dry applewood compared to applewood, which supports the interpretation of increased
radical formation.
The total responses for all 41 individual compounds were calculated and the results are presented
in Table A-4 of the Supplemental Information. However, the total responses for benzo(a)pyrene
(B(a)P),

7,12-dimethylbenz(a)anthracene

(DMBA),

fluoranthene,

benza(a)anthracene,

anthanthrene and dibenzo[a,l]pyrene are presented in Figure 3-6. These PAHs were selected based
on their carcinogenic and toxicological properties. Although total responses do not provide
information on actual concentrations, they can be used to directly compare the relative yield of a
given PAH across fuel type and cookstove phase, which is a main objective of this paper. Figure
3-6 compares the yields of B(a)P, for the different fuels. In accordance with the general trends
that have emerged throughout the PAH analysis, coal demonstrates by far the highest yield of
B(a)P, followed by dung, followed by dry applewood, while nothing was noted for pellets. B(a)P
is the most widely studied PAH and a known carcinogen [19]. In fact, Raiyani et al. [61] equated
the daily exposure to B(a)P received by women using traditional biomass stoves to smoking two
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Figure 3-6: Total responses for selected PAHs for all fuels and all cookstove combustion phases. D = dung; DAW = dry applewood; AW = applewood; C = coal;
P = pellets; SU = start-up; SS = steady-state; Ext = extinguishing; the error bars represent the standard deviation. In some cases, error bars are too small to be
visible because the y-axis is on a log-scale.

packets of cigarettes per day. Another study by Reid et al. [24] demonstrated an increase in lung
cancer from exposure to coal emissions that contained higher levels of B[a]P.
Fluoranthene by itself is not considered to be a harmful PAH, therefore results (Figure 3-6)
indicating that every fuel emits this compound are not too concerning. However, previous studies
have shown that when fluoranthene is co-administered with B(a)P it significantly increases the
carcinogenicity of B(a)P [21], hence again highlighting the potential health impacts of coal and
dung, and again emphasizing the differences between applewood and dry applewood that have
been noted throughout the study. The higher PAH concentrations emitted from dry applewood
(compared to applewood) can be observed for all remaining PAHs in Figure 3-6.
Table 3-3 presents the concentrations (µg/m3) of 15 PAHs observed for the different fuels
measured in the study. Only concentrations for those compounds with a standard could be
calculated; however, all the ring classes are represented (in the order low-to-high). The highest
concentrations were measured for coal, and with the exception of fluoranthene, during the start-up
(SU) phase. A similar trend was also observed for organics in time-resolved AMS data (Figure 33E). This is the phase where the temperature is lowest as the coal is still undergoing drying and
devolatilization – both of which are endothermic reactions thus reducing the combustion zone
temperature and leading to higher levels of PICs. In fact, it was during this phase that a large
amount of black smoke was noted during experiments. The highest concentrations were also
generally measured for SPAHs such as acenaphylene and fluorene, a finding also supported by
Ross et al. [29]. Wang et al. [26] report that the ratio of SPAH to LPAH concentration is dependent
on coal type, with anthracite producing the lowest concentration of 5- and 6-ring PAHs. Despite
higher concentrations observed for SPAH, 2911 µg/m3 and 10594 µg/m3 were measured for B(a)P
and benzo(b)fluoranthene (SU mode), respectively, which is concerning, given the toxicity of these

Table 3-3: Concentrations of PAH compounds identified in the TAG data categorized by fuel type and cookstove phase

Concentrations (µg/m3)
Compound

Dung
SU

SS

Dry Applewood
Ext

SU

SS

Coal

Applewood Chips

Pellets

Ext

SU

SS

Ext

SU

SS

Ext

SU

SS

Ext

173.
Acenaphthylene

47.2

167.2

161.6

40.8

3

200.4

29424.9

12565.4

5934

4.4

6.6

10.1

BQL

0.1

BQL

Acenaphthene

21.6

722.6

101.2

2.8

6.6

1.8

3002.6

1257.7

460.6

6.0

8.1

27.1

BQL

0.9

3.5

Fluorene

27.3

222.9

16.0

3.2

5.8

BQL

23957.8

10882.3

3312

BQL

0.3

2.5

BQL

0.1

BQL

Anthracene

13.0

667.3

65.9

4.4

8.8

1.6

16663.1

9463.8

2732

3.2

2.2

2.9

0.5

0.6

1.8

Phenanthrene

1.8

115.4

8.4

0.8

1.3

0.3

8877.7

4562.0

651.0

0.4

0.2

0.6

0.4

0.3

0.0

Fluoranthene

14.0

120.5

44.1

2.5

8.9

BQL

152.5

672.1

1071

0.4

0.4

BQL

BQL

0.0

BQL

Pyrene

15.2

91.0

45.6

2.5

14.1

BQL

1265.8

931.8

961.8

0.3

0.3

BQL

BQL

0.0

BQL

Benz(a)anthracene

9.9

21.1

13.3

4.7

2.3

0

2027.2

1396.8

371.2

BQL

BQL

0

0

0

0

Chrysene

12.5

24.3

20.6

2.9

2.6

0

1448.5

1041.9

345.1

BQL

BQL

0

0

0

0

Benzo(b)fluoranthene

59.1

88.6

65.5

23.2

31.3

0

10594.4

7366.5

1748

0.5

0.2

0

0

0

0

fluoranthene

4.4

7.7

2.9

1.8

2.2

0

590.9

393.5

118.5

0

0

0

0

0

0

Benzo(a)pyrene

18.5

29.4

19.1

1.3

9.6

0

2911.2

2257.2

571.0

BQL

BQL

0

0

0

0

Indeno(1,2,3,c,d)pyrene

9.3

16.1

7.2

6.2

7.9

0

1828.3

1047.7

295.8

BQL

0

0

0

0

0

Dibenz(a,h)anthracene

0.3

0.3

0

0.3

0

0

64.2

0

0

0

0

0

0

0

0

Benzo(g,h,i)perylene

9.1

16.9

9.6

6.8

27.1

0

1616.7

1029.6

299.3

BQL

BQL

0

0

0

0

Benzo(k)

BQL = Below Quantification Limit i.e. <0.5ng in total mass, which was the lowest quantity injected for each compound
Propane measured zero concentration, with the exception of Acenaphthylene, Fluoranthene, and Pyrene which each measured BQL

compounds. This is also higher than what has been reported in other coal studies [61], although
the different experimental methods and measurement times make any direct comparison almost
impossible. Although this study ranks PAH concentrations to be: coal > dung > dry applewood >
applewood > pellets > propane, other studies report different findings. For example, in a cookstove
field study, Rayaini et al. [61] ranked PAH concentrations: dung > wood > coal; however,
ventilation was not considered which may be a confounding factor [62]. When Oanh et al. [42]
compared only the carcinogenic and co-carcinogenic PAH concentrations in a field study, they
ranked biomass > coal briquettes > charcoal, which was attributed to the volatile content of a fuel
– as it is harder for a fuel with a higher volatile content to reach complete combustion hence it
tends to produce higher levels of PICs. Also, it should be noted that the coal briquettes were made
from anthracite which has been shown to generate fewer of the carcinogenic PAHs compared to
bituminous coal (used in this study) [26]. Other studies that have compared PAH emissions from
multiple solid fuels, although not coal, include: Ansari et al. [37], who measured PAH
concentrations twice as high for dung and biomass than for biomass alone; Bhargava et al. [38],
who reported dung > biomass > LPG; and Lisouza et al. [39], who reported dung > biomass. So
although the results from coal are mixed, studies have unanimously reported higher PAH
concentrations from dung than from biomass, which is reaffirmed by the results in this study.
Like coal, the other fuels also demonstrated higher concentrations of SPAHs than LPAHs, contrary
to the findings of Wang et al. [26]. However, in general, fuels also demonstrated a higher
frequency of SPAHs. Lisouza et al. [39] state that PAHs with lower molecular weight tend to
dominate biomass emissions. However, SPAHs are more volatile and tend to partition into the gas
phase [29, 42, 63]. That SPAHs from biomass and dung were observed at a higher frequency
compared to LPAHs makes sense because PAH formation is a process in which progressive

aromatization of existing rings occurs, and so SPAHs require less precursor material than LPAHs.
However, they demonstrated lower concentrations because the bulk concentration of these PAHs
partition to the gas phase, which was not be measured by the TAG GC/MS. An important thing
to note, and consistent with what has been reported earlier for PAH yields, is that dry applewood
generally produced higher PAH concentrations (both SPAH and LPAH) than applewood. MannWhitney tests for non-parametric data showed the differences to be statistically significant at the
95% confidence level with P-values of 0.039 and 0.002 for SU and SS modes, respectively. No
statistical differences were observed for the Ext mode. This again highlights that while ambient
applewood produces more than twice the total concentration of organics than dry applewood, a
higher fraction of the organics from dry applewood are the more toxic PAHs, many of them known
carcinogens. Thus, it is important that the cookstove and health communities work together to a)
disentangle the complex mixture that comprises air pollution / cookstove emissions by continuing
to measure a wider variety of pollutant metrics, especially chemically-speciated metrics, and b) to
continue establishing which of the chemical compounds are doing the real harm to cookstove users,
and hence which should be prioritized for abatement.

3.5 Conclusions
The chemical speciation of 4 solid fuels: coal, dung, applewood, and oakwood pellets, as well as
propane - to represent a cleaner fuel alternative such as LPG, were measured using an AMS and
TAG GC/MS, to complement the work presented in Chapter 2 (Patel et al. [43]). Dry applewood
was also measured to examine the importance of moisture content on biomass combustion and
emissions. Organic species dominated PM1 concentrations for all fuels, and this was especially
pronounced for coal and dung, however no one trend could be discerned in the emission profiles
across all of the fuels. Dry applewood demonstrated lower PM concentrations for all species,
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especially for organics, compared to applewood, but it also demonstrated significantly higher PAH
concentrations (both SPAH and LPAH), raising serious health concerns for those exposed to
cookstove emissions. Because biomass is usually dried before it is burned, increasing focus should
be on solutions that would lower specific types of organics, for example PAHs, when designing
future ICS. This also raises the issue of what metrics should be collected when trying to assess
the effectiveness of an ICS, or the quality of indoor air. The findings in this study would be quite
different if PM had been the only metric measured. Although it is beyond the scope of this paper
to comment on whether the focus should be on lowering the concentrations of all species, or just
target pollutants, this study does highlight the need for multiple metrics, including chemical
speciation, to be incorporated into future cookstove studies and cookstove certification processes,
or for some physical metric to proxy an important chemical component. This study also highlights
the continued need for health studies that identify which components of the complex emissions
mixture are the most important to reduce.
Of all the solid fuels tested, pellets were the cleanest - demonstrating the lowest PM1
concentrations for all AMS species, as well as the fewest PAHs. This study therefore tentatively
supports the adoption of pellets. However, being a commercial fuel, pellets are not free, and their
adoption by the rural poor in developing countries remains low. Subsidy programs similar to those
that have been offered for LPG could be used to increase the uptake of pellets and lower the
exposure of millions of people to the harmful PICs from the more commonly used solid fuels.
Finally, propane emissions did not contain any inorganic or organic species reinforcing the view
of LPG as a preferred fuel choice.
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Chapter 4
A Simplified Combustion Model Integrated
with a Particle Growth Dynamic Model for
Top-lit Updraft Cookstoves

To be submitted for publication
Supplementary figures and tables are available in Appendix B
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4.1 Abstract
Efforts are being made to develop improved cookstoves with higher combustion and thermal
efficiencies, but these efforts lack numerical models of the combustion process in these
cookstoves. Among the limited numerical models proposed, very few have focused on Top-lit
Updraft (TLUD) cookstoves, which are among the most efficient improved cookstoves. Moreover,
no general numerical model for particulate matter (PM) emissions has been proposed so far. This
work presents a simplified steady-state model to simulate combustion in a TLUD cookstove
integrated with a model for particle growth via coagulation. The model incorporates the effects of
cookstove operating parameters, specifically primary and secondary air fluxes and their
temperatures and fuel composition (moisture, char, and volatile content) on various emissions and
thermal characteristics of the cookstove, such as emission factors (EF), emission rates (ER),
particle size distribution of PM, and fuel combustion rate. The results demonstrated that EF and
ER does not necessarily follow the same trends, and therefore a lower EF might lead to higher
personal exposure. Emissions trends obtained from the model matched with the trends reported in
previous studies. Sensitivity analyses demonstrated that a small variation in the cookstove
operating parameters or fuel properties drastically changes the emission profiles. A good
understanding of these severe changes would allow the cookstove developers to address of high
variability in cookstove’s in-field performance owing to fuel stacking and user habits.
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4.2 Introduction
Cookstoves are used by more than a third of world’s population, who burn solid fuels such as
biomass and coal to fulfill their energy needs for cooking and space heating. Owing to low
combustion efficiency, these cookstoves emit a range of products of incomplete combustion (PIC)
leading to household air pollution (HAP) which adversely affects both human health and the
environment [1-7]. Widespread transitioning from solid fuels to a cleaner fuel alternative such as
electricity and natural gas seems to be infeasible in the near future. Therefore, improving cookstove
designs to enhance combustion and thermal efficiency, i.e., reduce cookstove emissions and fuel
consumption per meal, seems to be the best interim solution.
The challenges in developing are either fuel-related or cookstove-operation related. First, there is
no control over the fuel properties. Fuel stacking is prevalent, for reasons such as seasonal
availability, price (in case households are buying fuel), and meal type [8-10], which results in a
large variation in the physical and chemical properties of the fuel, and makes designing a cookstove
which performs consistently for all fuel types practically impossible. Moreover, even for the same
fuel type, a small variation in its moisture content can significantly affect a cookstove’s
performance. Leavey et al. [11] demonstrated that increasing the moisture content of applewood
from 1% to 6% increased particulate matter (PM) emissions by more than 11 times. Apart from
fuel properties, inherent cookstove design features and variable operating conditions created by
user habits also play critical roles in a cookstove’s performance. For example, many improved
cookstoves are forced draft, with provisions to control the air flow rate through the combustion
zone that affect both its thermal and emission performance. Patel et al. [12] measured the particle
size distribution of PM from a forced draft improved cookstove with different air flow settings and
demonstrated that too high or too low an air flow increases PM emissions.
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Owing to very high variations in fuel properties and operating parameters, the efficacy of improved
cookstoves in reducing HAP has been very limited, with high fluctuations in their performance [4,
13, 14]. It is not feasible to account experimentally for so many variables with highly convoluted
effects on combustion and emission characteristics of the cookstoves, especially when cookstove
performance has shown high fluctuations even in controlled laboratory settings. In such a scenario,
simulating combustion in these cookstoves using computational tools can very effectively develop
our understanding of the cookstove’s performance dependence on fuel properties and operating
conditions.
MacCarty et al. [15] reviewed work done on biomass cookstoves in the last 30 years and observed
a lack of numerical models. The authors also highlighted the reliance on experience and rule of
thumb for designing cookstoves. Also, among the already limited efforts to develop numerical
models for cookstoves, little, if any, attention has been given to modelling a TLUD stove. Among
the various types of improved cookstoves, TLUD are more efficient and less polluting, as
demonstrated in previous studies [12, 16-18]. Moreover, no model for cookstoves proposed so far
includes PM emissions as an output [15].
This study presents an integrated combustion and particle growth dynamic model for top-lit updraft
(TLUD) gasifier cookstoves. The steady-state model contains three sequential modules to simulate
(1) the primary combustion zone as a co-current heterogenous system, (2) the secondary
combustion zone for homogenous gas phase reactions, and (3) simultaneous natural dilution and
particle growth. An improvement in the energy balance also addresses the shortcomings of the
previous models proposed for solid fuel gasification and combustion. The effects of various
cookstove operating parameters (primary and secondary air fluxes, and their temperatures), and
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fuel composition (moisture, char, and volatile matter content) on its performance was
demonstrated by the simulation results.

4.3 Model Description
Combustion in a gasifier cookstove occurs in a primary combustion zone and a secondary
combustion zone (Figure 4-1). In the primary combustion zone, which stretches along the length
of the fuel bed, solid fuel is partially oxidized by the primary air, producing a combustible mixture
of products of incomplete combustion (PIC) with CO, non-methane hydrocarbons (referred to as
tar in this paper), CH4, and H2. These PIC are further oxidized by the secondary air at the top of
the fuel bed, forming the secondary combustion zone. More details about the operating principle
of the gasifier cookstoves are presented in our previous study [12].

Figure 4-1: Schematic of a top-lit updraft (TLUD) cookstove marked with the three stages modelled in this
study (from bottom to the top): (1) primary combustion zone, (2) secondary combustion zone, and (3)
simultaneous dilution of flue gas and particle growth.

Residential scale TLUD cookstoves are operated as batch reactors, i.e., the fuel bed height and
temperature and emission profiles along it change during the cookstove operation. But instead of
a transient model, a steady-state model is presented here to simulate combustion and particle
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formation in a TLUD gasifier stove as we sought to investigate the effects of various cookstove
operating parameters and fuel properties on the performance of a TLUD stove. By assuming fuel
enters the cookstove from the bottom at a rate equal to the net combustion rate of the solid phase,
study state modelling made it easy to study the above-mentioned effects.
The 1-D steady-state model was developed by integrating a three-part model working sequentially.
The three models or parts in the sequence are (1) the primary combustion zone model, (2)
secondary combustion zone model, and (3) particle growth dynamic model. The initial conditions
for the first part, i.e., the primary combustion zone are user input, and the output serves as the input
for the secondary combustion zone model whose output subsequently serves as the input of the
particle growth model. The models for the primary and secondary combustion zone are described
in Section 4.3.1, and the particle growth model is described in Section 4.3.2.

4.3.1 Combustion Model
The combustion model is based on global chemical reactions, similar to what was done in previous
studies [19, 20]. Chemical and physical processes in the primary and secondary combustion zones
can

be

broadly

classified

in

four

categories:

(1)

drying

of

biomass/fuel,

(2)

pyrolysis/devolatilization, (3) char gasification and oxidation, and (4) gas phase oxidation
reactions. The kinetics of these reactions, taken from the literature [21-33], are summarized in
Table 4-1.
Biomass devolatilizes to produce char and volatiles: a mixture of tar, CO, CO2, CH4, H2, and H2O
(Eq. 4-1; reaction ID rp). The char content of a fuel can be obtained from proximate analysis. The
effects of the char to volatile matter ratio were investigated in this study, but the composition
within the volatiles was kept constant at 6% CO, 13.5% CO2, 15.5% H2O, 0.4% CH4, 0.3% H2,
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Table 4-1: Rate expression, relevant kinetic data, and enthalpies of the global reactions modelled in this study .

Reaction ID

Rate

Values1,2

Enthalpy (kJ/kg) References

rdrying

𝐸
𝜌𝑚𝑜𝑖𝑠𝑡𝑢𝑟𝑒 𝐴 𝑒𝑥𝑝 (−
)
𝑅𝑇𝑠
𝐸
𝜌𝑑𝑟𝑦𝑏𝑖𝑜𝑚𝑎𝑠𝑠 𝐴 𝑒𝑥𝑝 (−
)
𝑅𝑇𝑠
𝐸
𝜀 𝜌𝑡𝑎𝑟 𝐴 𝑒𝑥𝑝 (−
)
𝑅𝑇𝑠
𝐶𝑂2 𝐴𝑝 𝛾𝑝
𝐸
, 𝑤ℎ𝑒𝑟𝑒 𝑘𝑗 = 𝐴 𝑒𝑥𝑝 (−
)
1
1
𝑅𝑇
𝑠
+
𝑘𝑚 𝑘𝑗
𝐶𝐶𝑂2 𝐴𝑝 𝛾𝑝
𝐸
, 𝑤ℎ𝑒𝑟𝑒 𝑘𝑗 = 𝐴 𝑒𝑥𝑝 (−
)
1
1
𝑅𝑇𝑠
+
𝑘𝑚 𝑘𝑗
𝐶𝐻2 𝑂 𝐴𝑝 𝛾𝑝
𝐸
, 𝑤ℎ𝑒𝑟𝑒 𝑘𝑗 = 𝐴 𝑒𝑥𝑝 (−
)
1
1
𝑅𝑇
𝑠
+
𝑘𝑚 𝑘𝑗
𝐸
𝜀 𝐶𝐶𝑂 𝐶𝑂2 𝐶𝐻0.5
𝐴𝑒𝑥𝑝 (−
)
2𝑂
𝑅𝑇𝑔
𝐸
𝜀 𝐶𝐻2 𝐶𝑂2 𝐴𝑒𝑥𝑝 (−
)
𝑅𝑇𝑔
𝐸
𝜀 𝐶𝐶𝐻4 𝐶𝑂2 𝐴𝑒𝑥𝑝 (−
)𝑇
𝑅𝑇𝑔 𝑔
𝐸
𝜀 𝐶𝑡𝑎𝑟 𝐶𝑂2 𝐴𝑒𝑥𝑝 (−
)𝑇
𝑅𝑇𝑔 𝑔
𝐶𝐶𝑂2 𝐶𝐻2
𝐸
𝜀 (𝐶𝐶𝑂 𝐶𝐻2 𝑂 −
) 𝐴𝑒𝑥𝑝 (−
)
𝐾𝐸
𝑅𝑇𝑔

A = 5.56E6
E = 87.9
A = 2E3
E = 73.1
A = 4.26E6
E = 107.4
A = 5.67E7
E = 160.4
km = 0.15 m/s
A = 1E7
E = 171.6
km = 0.15 m/s
A = 1E7
E = 172.1
km = 0.15 m/s
A = 1.3E11
E = 125.6

2250

[29]

350

[21-24]

0

[25,26]

-19966

[27-29]

13664

[28-30]

10402

[28-30]

-10107

[29, 31, 36]

A = 1E11
E = 83.14

-142919

[29, 36]

A = 9.2E6
E = 80.23

-17473

[29, 36]

A = 2.9E5
E = 80.23

-17473

[29, 36]

A = 2.78
E = 12.59

-1471

[28, 32, 33]

rp
rcracking
rg_O23
rg_CO2
rg_H2O
rox_CO
rox_H2
rox_CH4
rox_tar
rwgsr

𝐾𝐸 = 0.0265𝑒𝑥𝑝 (
1
2

unit of activation energy (E) is kJ/mole
unit of pre-exponential factor is s-1

3966
)
𝑇𝑔

and 64.3% tar by mass for all the cases simulated. This composition of the volatile matter was
fixed based on the previously reported data for pyrolysis [34]. Tar produced from pyrolysis
undergoes gas phase cracking (Eq. 4-2; reaction ID rcracking) to produce CO, CO2, CH4, and H2O,
with mass fractions of 53.4%, 8.5%, 21.1%, and 17.0% respectively [34, 35].
𝑝

𝐷𝑟𝑦 𝐵𝑖𝑜𝑚𝑎𝑠𝑠 → 𝑐ℎ𝑎𝑟 + (𝑡𝑎𝑟 + 𝐶𝑂 + 𝐶𝑂2 + 𝐶𝐻4 + 𝐻2 𝑂 + 𝐻2 )
𝑐𝑟𝑎𝑐𝑘𝑖𝑛𝑔

𝑡𝑎𝑟 →

(4-1)

𝐶𝑂 + 𝐶𝑂2 + 𝐶𝐻4 + 𝐻2 𝑂

(4-2)

Char formed as a product of biomass pyrolysis usually has a high carbon content, and it is assumed
to be 95% carbon, 2% hydrogen and 3% oxygen, i.e., α = 0.2526, β = 0.0237, and γ = 0.8013 in
Eq. 4-3 to 4-5 [19]. Char is consumed by three heterogenous reactions, namely gasification by CO2
(Eq. 4-3; reaction ID rg_CO2), gasification by H2O (Eq. 4-4; reaction ID rg_H2O), and oxidation
by O2 (Eq. 4-5; reaction ID rg_O2). Table 4-1 presents the kinetic models and relevant data for
these three heterogenous reactions, which accounts for the mass transfer rate of the reactant gas to
the char surface and the dependence on the char surface area. All heterogenous reactions (drying,
pyrolysis, and char gasification via CO2, H2O, and O2) were assumed to occur at solid temperature
and all homogenous gas phase reactions occur at gas temperature.
𝑔_𝐶𝑂2

𝐶𝐻𝛼 𝑂𝛽 + 𝐶𝑂2 →

𝛼

2𝐶𝑂 + 𝛽𝐻2 𝑂 + ( 2 − 𝛽) 𝐻2
𝑔_𝐻2 𝑂

𝐶𝐻𝛼 𝑂𝛽 + (1 − 𝛽)𝐻2 𝑂 →
𝑔_02

𝐶𝐻𝛼 𝑂𝛽 + 𝛾𝑂2 →

(4-3)

𝛼

𝐶𝑂 + (1 + 2 − 𝛽) 𝐻2

(4-4)

𝛼

𝛼

𝛼

2

2

2

(2 − 2𝛾 − 𝛽 + ) 𝐶𝑂 + (2𝛾 + 𝛽 − − 1) 𝐶𝑂2 +

𝐻2 𝑂

(4-5)

Homogenous combustion or oxidation reactions included in this model are those for tar (Eq. 4-6;
reaction ID rox_tar), CO (Eq. 4-7; reaction ID rox_CO), CH4 (Eq. 4-8; reaction ID rox_CH4), and
H2 (Eq. 4-9; reaction ID rox_H2). Based on previous literature [36, 37], tar is assumed to contain
43.8% carbon, 5.6% hydrogen, and 50.6% oxygen, with a molecular weight of 94 grams. The
water-gas shift reaction (Eq. 4-10; reaction ID rwgsr) is also included.
𝑜𝑥_𝑡𝑎𝑟

𝐶𝐻1.522 𝑂0.027 + 0.867𝑂2 →

𝑜𝑥_𝐶𝑂

2𝐶𝑂 + 𝑂2 →
𝑜𝑥_𝐶𝐻4

𝐶𝐻4 + 1.5𝑂2 →

𝑤𝑔𝑠𝑟

𝐶𝑂 + 𝐻2 𝑂 →

(4-6)

2𝐶𝑂2

(4-7)

𝐶𝑂 + 2 𝐻2 𝑂

(4-8)

𝑜𝑥_𝐻2

2𝐻2 + 𝑂2 →

2𝐶𝑂 + 0.761𝐻2 𝑂

2 𝐻2 𝑂

𝐶𝑂2 + 𝐻2 𝑂

(4-9)

(4-10)

Eq. 4-11 to 4-18 are the governing equations based on energy and mass balances. Energy is
balanced separately in the solid and gas phases per Eq. 4-11 and Eq. 4-12 respectively. The first
term on the right hand side represents the heat transfer via conduction and radiation. λs and λg are
the effective thermal conductivities, and their expressions are discussed later in this section. For a
co-current top-lit cookstove, conduction and radiation are the main modes for downward heat
transfer. On the other hand, in bottom-lit stoves, which are counter-current by nature, convection
via air flowing upwards is the main mode of heat transfer. Heat gain by exothermic reactions and
heat lost by endothermic reactions were accounted for in the gas and solid phase by attributing all
of heat losses and gains by heterogenous reactions to the solid phase. Similarly, energy losses and
gains by homogenous reactions were attributed to the gas phase. This way of accounting for the
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reaction enthalpies requires considering the energy mismatch caused by mass transfer from the
solid phase to the gas phase. All gaseous products from solid-gas reactions are formed at the solid
temperature but assumed to be at gas temperature. The last term of the gas-phase energy balance
(Eq. 4-12) takes that in to account. Previous models for thermo-chemical conversion of solid fuels
did not include this term in the energy balance, and the magnitude of the resulting error depends
on the nature of the system. Error will be high in the system with a big temperature difference
between the gas and solid phases in regions where heterogenous reactions are occurring.
𝑑

𝑑

(∑ 𝜙𝑖,𝑠 𝐶𝑝𝑖,𝑠 𝑇𝑠 ) = 𝑑𝑧 (𝜆𝑠
𝑑𝑧

𝑑
𝑑𝑧

(∑ 𝜙𝑖,𝑔 𝐶𝑝𝑖,𝑔 𝑇𝑔 ) =

𝑑
𝑑𝑧

(𝜆𝑔

𝑑𝑇𝑔
𝑑𝑧

𝑑𝑇𝑠
𝑑𝑧

) − ∑ 𝑟𝑖,𝑠−𝑔 𝐻𝑖,𝑠−𝑔 + 𝛽𝑠𝑔 (𝑇𝑔 − 𝑇𝑠 ) + 𝛽𝑠𝑤 (𝑇𝑤 − 𝑇𝑠 )

(4-11)

) − ∑ 𝑟𝑖,𝑔−𝑔 𝐻𝑖,𝑔−𝑔 + 𝛽𝑠𝑔 (𝑇𝑠 − 𝑇𝑔 ) + 𝛽𝑔𝑤 (𝑇𝑤 − 𝑇𝑔 ) +

∑ 𝑟𝑖,𝑠−𝑔 𝐶𝑝𝑖,𝑠−𝑔 (𝑇𝑠 − 𝑇𝑔 )

(4-12)

In addition to the energy balances, mass balances for each species (solid: dry biomass, moisture,
and char; gas: O2, N2, CO, CO2, CH4, H2, H2O, and tar) can be written as in Eq. 4-13 where net_rofi
is the net rate of formation of the ith species after accounting for rate of all the reactions in which
ith species is participating. Detailed expressions for net_rofi in terms of reaction rates are provided
in Table 4-2, where 𝜈𝑗𝑖 represents the stochiometric coefficient of the ith species in the jth reaction.
𝑑𝜙𝑖
𝑑𝑧

= 𝑛𝑒𝑡_𝑟𝑜𝑓𝑖

(4-13)

The velocity of the solid phase is evaluated from Eq. 4-17, which governs the superficial velocity
of char. Eq. 4-14 assumes that no shrinkage in the solid phase occurs during drying and pyrolysis.
𝜌𝑐ℎ𝑎𝑟,𝑜

𝑑𝑣𝑠
𝑑𝑧

= −𝑟𝑔_𝑂2 − 𝑟𝑔_𝐶𝑂2 − 𝑟𝑔_𝐻2 𝑂
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(4-14)

Table 4-2: Net rates of formation of all solid (dry biomass, moisture, and char) and gaseous species (O 2, N2, CO, CO2, CH4, H2, H2O, and tar) in terms of their rates of
reaction for mass balance.

ith species

Net rate of formation (net_rofi)

Dry biomass

−𝑟𝑝

Fuel moisture

−𝑟𝑑𝑟𝑦𝑖𝑛𝑔

Char

𝜈𝑝𝑐ℎ𝑎𝑟 𝑟𝑝 − 𝑟𝑔_𝑂2 − 𝑟𝑔_𝐶𝑂2 − 𝑟𝑔_𝐻2𝑂

O2

2
2
2
2
−𝜈𝑜𝑥_𝐶𝑂
𝑟𝑜𝑥_𝐶𝑂 − 𝜈𝑜𝑥_𝐻2
𝑟𝑜𝑥_𝐻2 − 𝜈𝑜𝑥_𝐶𝐻4
𝑟𝑜𝑥_𝐶𝐻4 − 𝜈𝑔_𝑂2
𝑟𝑔_𝑂2

N2

0

CO

𝐶𝑂
𝐶𝑂
𝐶𝑂
𝐶𝑂
𝐶𝑂
𝜈𝑝𝐶𝑂 𝑟𝑝 + 𝜈𝑐𝑟𝑎𝑐𝑘𝑖𝑛𝑔
𝑟𝑐𝑟𝑎𝑐𝑘𝑖𝑛𝑔 + 𝜈𝑔_𝑂2
𝑟𝑔_𝑂2 + 𝜈𝑔_𝐶𝑂2
𝑟𝑔_𝐶𝑂2 + 𝜈𝑔_𝐻2𝑂
𝑟𝑔_𝐻2𝑂 + 𝜈𝑜𝑥_𝑡𝑎𝑟
𝑟𝑜𝑥_𝑡𝑎𝑟 −𝜈 𝐶𝑂
𝑤𝑔𝑠𝑟 𝑟𝑤𝑔𝑠𝑟

CO2

𝐶𝑂2
𝐶𝑂2
𝐶𝑂2
𝐶𝑂2
𝜈𝑝𝐶𝑂2 𝑟𝑝 + 𝜈𝑐𝑟𝑎𝑐𝑘𝑖𝑛𝑔
𝑟𝑐𝑟𝑎𝑐𝑘𝑖𝑛𝑔 + 𝜈𝑔_𝑂2
𝑟𝑔_𝑂2 + 𝜈𝑜𝑥_𝐶𝑂
𝑟𝑜𝑥_𝐶𝑂 + 𝜈 𝐶𝑂2
𝑤𝑔𝑠𝑟 𝑟𝑤𝑔𝑠𝑟 − 𝜈𝑔_𝐶𝑂2 𝑟𝑔_𝐶𝑂2

CH4

𝐶𝐻4
𝐶𝐻4
𝜈𝑝𝐶𝐻4 𝑟𝑝 + 𝜈𝑐𝑟𝑎𝑐𝑘𝑖𝑛𝑔
𝑟𝑐𝑟𝑎𝑐𝑘𝑖𝑛𝑔 − 𝜈𝑜𝑥_𝑉𝐻4
𝑟𝑔_𝐶𝐻4

H2

𝐻2
𝐻2
𝐻2
𝜈𝑝𝐻2 𝑟𝑝 + 𝜈𝑔_𝐶𝑂2
𝑟𝑔_𝐶𝑂2 + 𝜈𝑔_𝐶𝑂2
𝑟𝑔_𝐶𝑂2 + 𝜈 𝐻2
𝑤𝑔𝑠𝑟 𝑟𝑤𝑔𝑠𝑟 − 𝜈𝑜𝑥_𝐻2 𝑟𝑜𝑥_𝐻2

H 2O

𝐻2𝑂
𝜈𝑑𝑟𝑦𝑖𝑛𝑔
𝑟𝑑𝑟𝑦𝑖𝑛𝑔

𝑂

𝑂

𝑂

𝑂

𝐻2𝑂
𝐻2𝑂
𝐻2𝑂
𝐻2𝑂
𝐻2𝑂
𝐻2𝑂
𝐻2𝑂
+ 𝜈𝑝𝐻2𝑂 𝑟𝑝 + 𝜈𝑐𝑟𝑎𝑐𝑘𝑖𝑛𝑔
𝑟𝑐𝑟𝑎𝑐𝑘𝑖𝑛𝑔 + 𝜈𝑔_𝑂2
𝑟𝑔_𝑂2 + 𝜈𝑔_𝐶𝑂2
𝑟𝑔_𝐶𝑂2 + 𝜈𝑜𝑥_𝐶𝐻4
𝑟𝑜𝑥_𝐶𝐻4 + 𝜈𝑜𝑥_𝐻2
𝑟𝑜𝑥_𝐻2 + 𝜈𝑜𝑥_𝑡𝑎𝑟
𝑟𝑜𝑥_𝑡𝑎𝑟 −𝜈 𝐻2𝑂
𝑤𝑔𝑠𝑟 𝑟𝑤𝑔𝑠𝑟 − 𝜈𝑔_𝐻2𝑂 𝑟

Tar

𝑡𝑎𝑟
𝐶𝑂
𝜈𝑝𝑡𝑎𝑟 𝑟𝑝 − 𝜈𝑐𝑟𝑎𝑐𝑘𝑖𝑛𝑔
𝑟𝑐𝑟𝑎𝑐𝑘𝑖𝑛𝑔 − 𝜈𝑜𝑥_𝑡𝑎𝑟
𝑟𝑜𝑥_𝑡𝑎𝑟

The gas phase velocity is evaluated from the continuity equation (Eq. 4-15), where ρg and vg are
respectively the density and velocity of the gas phase, and the former can be calculated using the
ideal gas law (Eq. 4-16). The model assumes an isobaric system at atmospheric pressure.
𝑑(𝜌𝑔 𝑣𝑔 )
𝑑𝑧

= ∑ 𝑛𝑒𝑡_𝑟𝑜𝑓𝑖,𝑔 𝑜𝑟 ∑

𝜌𝑔 =

𝑑𝜙𝑖,𝑔

(4-15)

𝑑𝑧

𝑃 𝑀𝑔

(4-16)

𝑅 𝑇𝑔

Multiple heat transfer coefficients and thermal conductivities of the solid and gas phase used in
Eq. 4-11 and Eq. 4-12 are defined below. The thermal conductivity of the gas phase is evaluated
by Eq. 4-17 [38]. Similarly, an overall thermal conductivity coefficient for the solid phase is
introduced in Eq. 4-18 to 4-21, where the heat transfer via radiation is also incorporated in the
effective thermal conductivity (λs) [39].
𝜆𝑔 = 4.8 𝑥 10−4 𝑇𝑔0.717
𝜆𝑠 = 𝜀𝜆𝑟𝑔 +

[

(4-17)

𝜀𝜆𝑠
𝜆𝑠
+1.43(1−1.2𝜀)]
(𝑑𝑝 𝜆𝑟𝑠 )

(4-18)

𝜆𝑟𝑔 = 4 𝜎 0.05 𝑇𝑔3

(4-19)

𝜆𝑟𝑠 = 4 𝜎 0.85 𝑇𝑠3

(4-20)

𝑇

𝑇

2

𝑠
𝑠
𝜆𝑠 = 0.0013 + 0.05 (1000
) + 0.63 (1000
)

(4-21)

Coefficients for the heat transfer from solid to gas (βsg), solid to wall (βsw), and gas to wall (βgw)
are evaluated in Eq. 4-22 to 4-24, and the viscosity of the gas is derived from Eq. 4-25 [38, 40].

𝛽𝑠𝑔 =

𝜉 𝑐𝑝,𝑔 𝜌𝑔 𝑣𝑔 𝑆𝑆𝐴 𝑅𝑒 −0.575 𝑃𝑟 −2/3
𝜀

𝛽𝑠𝑤 =

𝛽𝑔𝑤 =

4 ℎ𝑠𝑤

(4-22)

(4-23)

𝐷

4 ℎ𝑔𝑤

(4-24)

𝐷

𝑇𝑔

µ𝒈 = 1.98 𝑥 10−5 (300)

2/3

(4-25)

4.3.2 Flue Gas Dilution and Particle Growth Dynamic Model
Post-secondary combustion zone gases (flue gas) leave the cookstove from the top and mix with
the ambient air, assumed to be at 300 K. Diluting flue gas quenches it, thus lowering its temperature
and the concentrations of its constituents. A simplified dilution model was used in this study, in
which the dilution rate is assumed to be proportional to the velocity of the flue gas leaving the
secondary combustion zone because higher velocities enhance the mixing rate with the ambient
air. At any time, the dilution ratio of the flue gas can be evaluated by Eq. 4-26, where Cp,g and
Cp,air are the specific heat capacities of the flue gas and ambient air, respectively. Tg and Tg,0 are
respectively the temperatures of the gas at any time and at the outlet of the secondary combustion
zone.

𝐷𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑅𝑎𝑡𝑖𝑜 = 1 +

𝐶𝑝,𝑎𝑖𝑟 (𝑇𝑔 −𝑇𝑎𝑚𝑏 )
𝐶𝑝,𝑔 (𝑇𝑔,0 −𝑇𝑔 )

(4-26)

With regard to the particulate matter in the flue gas, a simplified assumption that tar is the only
species participating in particle formation. A multi-node model for particle growth via coagulation
was proposed by Prakash et al. [41], and was adapted here to account for simultaneous dilution. In
this model, the particle size range of interest is divided into equally spaced nodes in log scale,
where each node represents the particles of a certain volume. The number of nodes and spacing
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between them can be decided by the available computational resources and the size range of
interest.
The population balance for the particles in the kth node can be written in the form of Eq. 4-27,
where the first term on the right hand side accounts for the increase in the number concentration
of the particles in the kth node from coagulation of the particles in the ith node and jth node. The
second term represents the disappearance of particles from the kth node when they collide with
particles from all possible nodes to form bigger particles. The collision frequency between the
particles from the ith node and jth node (βi,j) in the free molecular regime is described in Eq. 4-28
[42]. Also, since this is a discrete model, the volume of the particles formed via coagulation might
or might not match exactly with one of the nodes. In the case where the particle volume does not
match a node, the particle is split and allocated to the adjacent nodes, while ensuring mass
conservation. The splitting to the adjacent nodes is done per the split function (χi,j,k) (Eq. 4-29)
which is analogous to the reverse of the center of mass calculation, i.e., the adjacent nodes get a
volume share proportional to the inverse of the difference between the particle volume and the
volume corresponding to the node.
𝑑𝑁𝑘

=

𝑑𝑡

1
2

3

∑ 𝑖=1 𝜒𝑖,𝑗,𝑘 𝛽𝑖,𝑗 𝑁𝑖 𝑁𝑗 − 𝑁𝑘 ∑𝑖=1 𝛽𝑖.𝑘 𝑁𝑘

1/6 6𝑘𝑇 1/2

𝛽(𝑣𝑖 , 𝑣𝑗 ) = (4𝜋)

(𝜌 )

𝑣𝑘+1 −(𝑣𝑖 +𝑣𝑗 )

𝜒𝑖,𝑗,𝑘 =

(4-27)

𝑗=1

𝑣𝑘+1 −𝑣𝑘
(𝑣𝑖 +𝑣𝑖 )−𝑣𝑘−1
𝑣𝑘 −𝑣𝑘−1

𝑝

1

1

𝑖

𝑗

1/2

(𝑣 + 𝑣 )

1/3

(𝑣𝑖

1/3 2

+ 𝑣𝑗

)

(4-28)

; 𝑖𝑓 𝑣𝑘 ≤ 𝑣𝑖 + 𝑣𝑖 ≤ 𝑣𝑘+1
; 𝑖𝑓 𝑣𝑘 ≤ 𝑣𝑖 + 𝑣𝑖 ≤ 𝑣𝑘+1

0;

𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
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(4-29)

In this study, the particle size range is divided into forty nodes in each of which the particle volume
is double that of the previous node. The diameter of the particle in the first node (monomer) is
taken to be 1 nm. Therefore, forty nodes cover the particle size ranging from 1 nm to 7943 nm. All
particles are assumed to be monomers initially, and the initial concertation of monomers is
calculated from the tar density in the flue gas leaving the secondary combustion zone. Particle
growth simulation is stopped as soon as the gas temperature reaches 400 K because the coagulation
rate reduces significantly at that temperature and associated dilution levels.

4.3.3 Cases Studies and Numerical Solution
Table 4-3: Simulation plan of the sensitivity analyses performed to study the effects of primary air flux
and fuel moisture and char content on the combustion and emission characteristics of the cookstove

Variable
Primary Air Flux1,2

Value
0.24 kg/m2-s
0.36 kg/m2-s
0.48 kg/m2-s

Case ID
AF1
AF2
AF3

Fuel Moisture Content1,3

5%
10%
15%
20%

M1
M2
M3
M4

Fuel Char Content1,4,5

25%
50%
75%

C1
C2
C3

1

secondary air flux kept constant at 10% of the primary air flux at 800 K
fuel moisture and char content kept constant at 10% (M2) and 25% (C1) respectively
3
primary air flux and fuel char content kept constant at 0.48 kg/m2-s (AF3) and 25% (C1) respectively
4
primary air flux and fuel moisture content kept constant at 0.48 kg/m2-s (AF3) and 10% (M2) respectively
2

A summary of the cases simulated in this study is presented in Table 4-3. First the effect of the
primary air flux was investigating by simulating combustion with three levels of primary air flux
(AF1, AF2, and AF3). Since TLUD cookstoves also have a secondary air flux, sensitivity analyses
were carried out for the temperature and flux of secondary air while keeping the primary air flux
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fixed (AF3). Case IDs for these simulations were not assigned. For all other cases, secondary air
flux and its temperature were kept constant. Fuel composition effects were investigated by varying
fuel moisture content from 5% to 20 % (M1, M2, M3, and M4) and char content from 25% to 75%
(C1, C2, and C3).
Table 4-4: Values of various parameters corresponding to cookstove, fuel, fuel bed property, and
heat transfer properties, along with the boundary value conditions used for the simulations.

Cookstove and Fuel Bed Properties
Primary combustion zone length (fuel bed height) (cm)
Secondary combustion zone length (cm)
Diameter (cm)
Twall (K)
void fraction (ε)
hsw (W/m2-k)
hgw (W/m2-k)
Density of dry biomass (kg/m3)

20
5
12
300
0.5
167
1.256
500

Boundary conditions at z=o (cookstove bottom)
Φair (76% N2 and 24% O2 by mass) (kg/m2-s )1
ΦCO ΦCO2 ΦH2 ΦH2O ΦCH4 ΦN2 Φtar Φchar ( kg/m2-s )
Φmoisture /Φdrybiomass
Tg and Ts (K)
dTs/dz and dTg/dz (K/m)
vg (m/s)

0.48
0
0.12
300 K
0
Φair/ρair

Boundary conditions at z=L (cookstove top)
Φchar

0

to study the effect of primary air flux, Φair was also fixed at 0.24 kg/m2-s and 0.36 kg/m2-s
2
to study the effect of fuel moisture content, Φ moisture /Φdrybiomass was also fixed at 0.05, 0.15, and 0.20
1

Differential equation solvers based on finite difference methods were used to obtain solutions.
Unlike in the secondary combustion zone and in the particle growth dynamic models, where all
boundary value conditions were known at the inlet, the boundary value conditions in the primary
combustion zone were defined at both ends of the dimensions, i.e., fuel bed bottom and top (Table
4-4). For computational expedience, sub-routines were developed to achieve fast and efficient
convergences to the solutions. Inlet velocity of the solid phase at the bottom of the cookstove was
varied till all char is consumed at the top of the fuel bed.
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Only gases exist in the secondary combustion zone, and the outlet gas flow rate, composition, and
temperature of the primary combustion zone provide the boundary value conditions at the inlet of
the secondary combustion zone. All governing equations discussed above were included, except
for the solid phase energy balance and the mass balance for the three solid phase components (dry
biomass, moisture, and char). Also, no solid-gas heat transfer was considered in the secondary
combustion zone. The values of all relevant parameters and boundary value conditions are listed
in Table 4-4.

4.4 Results
The effects of the air flows (primary and secondary), temperature of the secondary air flow, and
the moisture and char content of the fuel composition are discussed in the following sections.

4.4.1 Effects of Primary and Secondary Air Flows
Focusing on the primary combustion zone, Figure 4-2 presents the gas and solid phase temperature
profiles along the fuel bed height with different primary air fluxes. The first thing to note is the
small temperature gradient in the bottom half of the fuel bed, which indicates no change in fuel
composition by drying, pyrolysis, and gasification, as is also shown in Figure B-1 demonstrating
the variations in the absolute fluxes of the three components of the solid phase, i.e., moisture, dry
biomass, and char. Therefore, as the fuel bed shrinks, the cookstove will operate in a pseudo
steady-state up to a certain time, i.e., the bed height will decrease without significant changes in
cookstove emission characteristics. This behavior is consistent with the observations reported by
Patel et al. [12] of steady-state operation between the start-up and extinguishing phases for
different TLUD stoves.
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Figure 4-2: Temperature profiles of (A) solid and (B) gas phases along the fuel bed in the primary
combustion zone for the three primary air flow rates (AF1, AF2, and AF3).

The drying region is defined as the region where fuel moisture flux drops from 95% to 5% of the
initial flux. Similarly, the pyrolysis region is defined as the region where the non-pyrolyzed fuel
flux fraction drops from 95% to 5%. As shown in Figure 4-3, lengths of both the drying region
(AF1: 1.44 cm, AF2: 1.20 cm, and AF3: 1.04 cm) and pyrolysis region (AF1: 2.04 cm, AF2: 1.80
cm, and AF3: 1.56 cm) decreased with increasing primary air flux. Also, both regions moved closer
to the fuel bed top with an increasing primary air flow rate, which could be attributed to the
reduction in downward heat transfer rate due to increased air flow.
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Figure 4-3: Flux profiles (as a fraction of inlet flux) for (A) fuel moisture and (B) dry biomass along the
fuel bed in the primary combustion zone for the three primary air flow rates (AF1, AF2, and AF3).

The fuel combustion rate increases with the primary air flux (Figure B-2). Gas leaving the primary
combustion zone at the fuel bed top consists of a significant portion of partially oxidized species,
mainly CO and tar (Figure 4-4), and their fraction increases with the primary air flux. For the case
AF3 (Figure 4-4C), CO is 5.2% by volume, a high fraction that is unsurprising for a gasifier stove.
These partially oxidized species enter the secondary combustion zone along with the secondary
air.
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Figure 4-4: Mole fractions of CO, tar, and CO2 along the fuel bed in the primary combustion zone for the
three primary air flow rates: (A) AF1, (B) AF2, and (C) AF3.
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The secondary air flux affects combustion in four ways. (1) It changes the temperature in the
secondary combustion zone (normally a cooling effect because the temperature of the secondary
air is usually lower than that of the gases leaving the primary combustion zone). (2) It changes the
residence time in the secondary combustion zone, which is a function of the secondary flow
amount and its temperature. (3) It introduces more oxygen. Finally, (4) it increases the thermal
mass by introducing more nitrogen.
A range of secondary air flow (from 0% to 50% of the primary air flow) at three temperatures
(500K, 650K, and 800K) was tested for the case AF3, i.e., a primary air flux of 0.48 kg/m2-s.

Figure 4-5: Variation in the post-secondary combustion zone emission factors of (A) CO and (B) tar with
temperature (500 K, 650 K, and 800 K) and flow rate of the secondary air. The primary air flux was kept
constant at 0.48 kg/m2-s (Case AF3).
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Figure 4-5 demonstrates the effects of the secondary air flow rate and temperature on the EFs of
CO and tar at the end of the secondary combustion zone. In the case presented in Figure 4-5, the
tar EF (60.35 g/kg of dry biomass) was lowest when no secondary air was introduced, which is at
first counter-intuitive. Similarly, CO demonstrated the lowest EF (210.5 g/kg of dry biomass) in
the cases of 500 and 650 K without any secondary air, but with secondary air at 800 K, the CO EF
first decreased and then increased. The flue gas leaving the primary combustion zone appears to
have enough oxygen for combustion with 14.2% by volume fraction and a relatively high
temperature (943 K). Therefore, adding secondary air at any temperature and in any amount led to
cooling. The tar EF increased monotonically with the secondary air flow rate for all temperatures
(Figure 4-5B), and only small differences were observed in the results obtained for 500 K and 650
K, indicating that the temperature in the secondary combustion zone was too low for any chemical
reaction involving tar and CO to occur. Similar trends were observed for CO EF (Figure 4-5A),
with one exception for the secondary air at 800 K, where the CO EF first dropped and then
increased monotonically. Similar observations have been reported earlier where emissions where
higher with too high or too low air flow rates [12]. A minimum for Tar EF, like CO EF, was not
observed (Figure 4-5), which could be due to tar consumption pathways with and without oxygen
i.e. tar combustion (Eq. 4-6) and tar cracking (Eq. 4-2) with the former having a higher rate which
goes down with temperature. On the other hand, the only pathway for CO consumption is via its
combustion (Eq. 4-7), which requires oxygen.
For all the sensitivity analyses (Table 4-3), the secondary air flux was kept constant at 10 % of the
primary air flux and its temperature was fixed at 800 K. Overall emissions of the cookstove are
the post-secondary combustion zone emissions, as shown in Figure 4-6 in terms of EF and
emission rates (ER). Even though the CO EF (659.4 g/kg dry biomass), CO ER (298.2 mg/s), and
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tar ER (149.7 mg/s) were the highest at the end of the primary combustion zone (Figure B-3) for
the highest primary air flow (AF3), both CO and tar were lowest in terms of both EF (CO, 174.2
g/kg dry biomass; tar, 113.4 g/kg dry biomass) and emission rates (CO, 78.7 mg/s; tar, 51.1 mg/s)
at the end of the secondary combustion zone for the case AF3 (Figure 4-6). The temperature of the
gases entering the secondary combustion zone was the highest for AF3 (Figure 4-2). The
temperatures in the secondary combustion zone for the cases AF1 and AF2 were not high enough
to further oxidize tar and CO.

Figure 4-6: Effect of primary air flow rate on the post-secondary combustion zone
emission factors (EF) and emission rates (ER) of (A) CO and (B) tar.
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Another thing to note is the difference in the trends of EF and ER (Figure 4-6). For AF1 and AF2,
the EF of tar and CO were similar but ER for both CO and tar were higher in case of AF2. Although
EF is a widely used metric to standardize cookstove performance, primarily because it facilitates
comparison among different cookstoves, fuels, and operating conditions, it fails to capture any
information about personal exposure. When a cookstove is used in a space with constant
ventilation characteristics, ER is proportional to the concentration in that space and therefore,
governs the personal exposure. As demonstrated in Figure 4-6, a higher EF does not necessarily
mean a higher ER. Case AF2 might lead to a higher personal exposure than the case AF1, even
with a lower EF.

Figure 4-7: Effect of primary air flow rate on the particle size distribution of
the particulate matter emitted from the cookstove.

Finally, the effect of the primary air flow rate on the particle size distribution (PSD) of PM in
TLUD cookstove emissions is presented in Figure 4-7. The geometric mean diameter (GMD)
decreases with increasing primary flow rate (AF1, 512.8 nm; AF2, 401.1 nm; and AF3, 147.3 nm)
whereas the total particle concentration increases with increasing flow rate (Table B-1). Factors
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such as initial particle concentration and temperature are positively associated with the particle
growth rate via coagulation, characterized by a decreasing number concentration and increasing
mean diameter. Dilution with ambient air decreases both the number concentration and
temperature, therefore reducing the coagulation rate. In this case, the trends obtained for PSD can
be mainly attributed to the tar ER trends (Figure 4-6) which governs the initial particle
concentration.

4.4.2 Effect of Fuel Composition
Different cases were simulated to study the effect of fuel moisture (M1, M2, M3, and M4) and
char content (C1, C2, and C3) on the cookstove emissions.

Moisture Content
We studied the effects of moisture content for the same fuel type i.e. same chemical composition
on dry basis because large variations occur in the field due to factors such as the age of fuel and
the seasonal humidity. Multiple studies have demonstrated that variations in the moisture content
of fuel can significantly change the emissions characteristics [11, 43, 44].
In our simulations, the temperature of both the solid and gas phase at the cookstove top decreased
with increasing moisture content of the fuel (Figure B-4), which can be attributed to the increased
fraction of the endothermic drying process and the reduced combustion rate (Figure B-5). It was
observed that the differences among both temperatures and combustion rates for different moisture
levels was higher at lower moisture levels. In other words, the effect of fuel moisture content was
more prominent for the lower moisture levels (5% (M1), 10% (M2), and 15% (M3)).
Figure 4-8 presents the profiles for the moisture and dry biomass (relative to the inlet flux) along
the fuel bed height for different moisture levels. Similar information, but in terms of absolute mass
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flux, for moisture, dry biomass, and char is presented in Figure B-6. A comparison of the
temperature profile (Figure B-4) and moisture flux profile (Figure 4-8A) shows that the
temperature of the drying zone is much higher than the boiling point of water, indicating the

Figure 4-8: Flux profiles (as a fraction of inlet flux) for (A) fuel moisture and (B) dry biomass along the
fuel bed in the primary combustion zone for fuel with 5% (M1), 10% (M2), 15% (M3), and 20% (M4)
moisture content.

thermally thick nature of biomass. The variations in the lengths of both the drying region (1.04 cm
– 1.08 cm) and the pyrolysis region (1.56 cm – 1.60 cm) with different fuel moisture contents were
small, unlike the case for varied primary air flow rate (Figure 4-3). Moreover, both the drying and
pyrolysis regions moved closer to the fuel bed top with increasing fuel moisture, because a higher
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moisture content decreases the heat generation rate (low fuel combustion rate) and increases the
heat sink (drying), distributing available heat in a narrower region near the fuel bed top.

Figure 4-9: Effect of the moisture content of the fuel on the post-secondary combustion zone emission
factors (EF) and emission rates (ER) of (A) CO and (B) tar.

The mole fraction of CO at the outlet of the primary combustion zone (Figure B-7) decreases with
increasing fuel moisture content (M1, 0.098; M2, 0.052; M3, 0.028; and M4, 0.020). On the other
hand, the tar mole fraction demonstrated an opposite trend. A higher temperature for fuel with a
low moisture content promotes oxidation of CO, but it also increases the CO production rate via
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tar cracking and tar combustion reactions. Therefore, mole fraction of CO increases and mole
fraction of tar decreases with increasing moisture levels.
The post-secondary combustion zone EF and ER values for CO and tar are presented in Figure 49. Both the ER and EF of tar increases with the fuel moisture content, except for Case M4 (20%
moisture), which demonstrated lower ERs and comparable EFs to Case M3 (15% moisture). Tar
emission trends obtained from the model support the observations reported by Leavey et al. [11],
where PM emissions increased by more than 11 times when the biomass content increased from
1% to 6%. Unlike the trends observed for tar EF and ER, the CO EF and ER were lowest for the
Case M2 (10% moisture). Bhattacharya et al. [44] reported monotonically increasing CO EF with
fuel moisture level, but a direct comparison between the two studies cannot be done because

3
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Figure 4-10: Effect of moisture content of the fuel on the particle size distribution of the
particulate matter emitted from the cookstove.
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trends observed for CO and tar (Figure 4-9) can be explained by the kinetics of the reactions
governing their consumption. Tar can undergo both cracking (Eq. 4-2) and oxidation (Eq. 4-6),
where the rate of the former reaction is higher at higher temperatures. Therefore, in the case of 5%
moisture (M1), high temperature enhanced the tar cracking rate which is independent of oxygen
availability, and resulted in the production of more CO. On the other hand, CO is consumed only
through oxidation (Eq. 4-7) and therefore depends on the oxygen availability. In this case, a higher
secondary air flux would have resulted in lower CO EF and ER. Also, a comparison of EF and ER
trends (Figure 4-9) again highlights the fact that a lower EF does not always result in a lower ER,
which is directly related to personal exposure. This finding suggests that in addition to the EF,
which is currently the most popular metric for cookstove testing protocols or standards, additional
metrics such as ER should be taken into consideration too.
Figure 4-10 presents the effects of fuel moisture content on the PSD of the PM in the flue gas.
Notably GMD increases with increasing fuel moisture content but the difference between Case M3
and M4 is much smaller than the difference between any other two moisture levels. In this case,
initial number concentration, which increased with increasing moisture content, dominated the
coagulation rate. The surface area concentration of particles (Table B-1) increased with increasing
fuel moisture content till 15%, and then decreased (M1, 1.41 m2/m3 gas; M2, 9.34 m2/m3 gas; M3,
42.55 m2/m3 gas; M4, 40.79 m2/m3 gas). Although mass concentration based metrics are almost
exclusively used to regulate air quality, PM surface area might be a more appropriate metric. The
interactions of PM with biological systems and the environment are highly dependent on the
available surface area [45, 46]. Moreover, even though the mass concentration of PM in Case M1
is low, smaller particles might penetrate deeper into the lungs [47, 48] and provide higher reactive
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surface area per unit mass. Still, the health effects of PM are complexly related to its chemical and
physical characteristics, and epidemiological studies of PM are few.

Char and volatile matter content
The effects of the char content of fuel on emissions is not as straightforward as it was for moisture
content because drying is an endothermic process, but char content affects both the pyrolysis
(endothermic) and oxidation of pyrolysis products (exothermic). For the cases with 50% (C2) and
75% (C3) char content, drying zone lengths (~1.22 cm) and locations are similar, whereas the

Figure 4-11: Flux profile (as a fraction of inlet flux) for (A) fuel moisture and (B) dry biomass along the fuel
bed in the primary combustion zone for fuel with 25% (C1), 50% (C2), and 75% (C3) char content on a dry
basis.
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drying zone in the case of 25% char content (C1) is 1.04 cm long and located relatively closer to
the fuel bed top (Figure 4-11A). The pyrolysis region exhibits trends similar to the drying region
(Figure 4-11B). The mass flux profiles of the three components of the solid phase are shown in
Figure B-8. The temperature profiles of the solid and gas phases along the fuel bed height are
presented in Figure B-9. The calorific value of the fuel is the lowest for the case C1, which has the
lowest char content (25%) and therefore the highest volatile matter content (75%). Thus, the heat

Figure 4-12: Effect of the char content of the fuel on the post-secondary combustion zone emission factors
and emission rates of (A) CO and (B) tar.
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output is low even at the highest fuel combustion rate (Figure B-10). The lower rate of heat
generation resulted in the narrow drying and pyrolysis regions closer to the fuel bed top. For the
Case C2 and C3, the solid phase temperature profiles are similar (Figure B-9A). But the gas phase
temperature near the top of the fuel bed (Figure B-9B) is higher for C2, indicating that the lesser
volatile content in case C3 resulted in reduced gas phase oxidation of volatiles (exothermic). In
other words, a minimum amount of volatiles is necessary to sustain flames.
Both the EF and ER of CO increase with increasing char content (Figure 4-12B). However, the EF
and ER of tar exhibited an opposite trend because the tar production rate decreased and the tar
consumption rate via cracking and oxidation increased, due to elevated temperatures in the case of
higher char content. In the case of 75% char content (C3), the tar EF and ER were negligible
compared to the other two cases. Unlike the previous sensitivity analyses performed for the
primary air flux and fuel moisture content, where tar and CO emissions usually followed the same
trends, fuel with different char content seems to present a tradeoff between CO and PM (tar).

Figure 4-13: Effect of the char content of the fuel on the particle size distribution (PSD) of the particulate
matter emitted from the cookstove. In case of the fuel with 75% char (C3), PSD is not presented as the tar
emission factor was negligible compared to that for case C1 and C2.
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The effects of the char content of the fuel on the PSD of PM emissions is demonstrated in Figure
4-13. Note that the PSD for case C3 (75% char) is not presented, because the amount of precursor
for PM formation was negligible compared to Case C1 and C2. Similar to the PSD trends discussed
in the previous sections, a higher particle concentration of smaller size (GMD = 8 nm) was
observed for the case with a low concentration of PM to begin with, Case C2 (50% char) (Table
B-1).

4.5 Conclusions
This work presented a simple 1-D steady-state numerical model for combustion integrated with a
particle growth dynamic model for TLUD stoves modelled as co-current moving bed reactors. The
utility of the model in understanding the effects of a cookstove’s operating conditions and fuel
compositions on its thermal and emissions characteristics, including the size distribution of PM,
was demonstrated.
Emission characteristics were found to be very sensitive to primary and secondary air fluxes and
to moisture and char content of the fuels, and the degree of sensitivity varied considerably.
Variations in the combustion characteristics, such as length and location of the different regions
(drying, pyrolysis, and char gasification) along the fuel bed were captured. Excess secondary air
flow quenched the gas phase, reducing the oxidation rates of pollutants and leading to higher
generations of PICs in most of the cases simulated.
Increases in either the moisture content or char content of the fuel decreased the fuel consumption
rate but trends for the emission characteristics were different. Two main pollutants (CO and tar)
usually followed same trend as in sensitivity analyses performed for the primary air flux and fuel
moisture content. But in the case of fuel char content, CO emissions increased, but tar emission
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decreased with increasing char content. Moreover, too high char content or, in other words, too
low volatile matter, reduced the extent of exothermic reactions in the flame, resembling the
extinguishing phase of a typical burn cycle where the fuel is exhausted of volatiles.
EF and ER did not always follow to the same trends. Model results demonstrated that a lower EF
does not always mean a lower ER, which is a proxy for personal exposure. This finding highlights
the need to make current cookstove testing protocols and standards more comprehensive, by
include metrics like emission rates, which are a better representative of personal exposure.
A particle growth model was integrated with a cookstove combustion model for the first time. The
particle size distribution, a result of the particle growth model, provided information about such
metrics as the particle surface area concentration and total number concentration, which also play
roles in the PM’s health and environmental impacts.
Though the model presented here demonstrated its utility in understanding the different thermal
and chemical processes which occur during combustion in a TLUD stove, there is certainly room
for improvement in next iterations of this model. The modular model presented here does not
incorporate the interaction of the secondary air with the fuel bed top, and it assumes instantaneous
mixing. Future models can incorporate a better mixing model for secondary air flux which would
make it computationally complicated and intensive. Also, PM from cookstoves consists of a range
of organic and inorganic species, not just tar, as assumed here. Addressing this shortcoming will
require creating detailed kinetic models, unlike the global kinetic models used in this study.
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Chapter 5
Spatio-Temporal Measurement of Indoor
Particulate Matter Concentrations Using a
Wireless Network of Low-Cost Sensors in
Households Using Solid Fuels

The results reported in this chapter were published in – Patel S., Li J., Pandey A., Pervez S.,
Chakrabarty RK., and Biswas P. " Spatio-temporal measurement of indoor particulate matter
concentrations using a wireless network of low-cost sensors in households using solid fuels."
Environmental Research 152 (2017): 59-65
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5.1 Abstract
Many households use solid fuels for cooking and heating purposes.

There is currently a

knowledge gap in our understanding of the variations in indoor air quality throughout the
household as most of the studies focus on the areas in the close proximity of the cookstove. A lowcost wireless particulate matter (PM) sensor network was developed and deployed in households
in Raipur, India to establish the spatio-temporal variation of PM concentrations. The data from
multiple sensors were acquired in real-time with a wireless system. Data collected from the sensors
agreed well (R2 = 0.713) with the reference data collected from a commercially available
instrument. Low spatial variability was observed within the kitchen due to its small size and poor
ventilation – a common feature of most rural Indian kitchens. Due to insufficient ventilation from
open doors and windows, high PM concentrations similar to those found in the kitchen were also
found in the adjoining rooms. The same household showed significantly different postextinguished cookstove PM concentration decay rates (0.26 mg/m3-min and 0.87 mg/m3-min) on
different days, owing to varying natural air exchange rates (7.68 m3/min and 37.40 m3/min).
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5.2 Introduction
Spatio-temporal monitoring of outdoor and indoor air quality provides critical information about
emissions sources, air flow and ventilation, and subsequent personal exposure. For example, in
highly polluted cities like Delhi, India, and Beijing, China [1], measurements at a few locations
cannot represent pollution levels in the whole city. Similarly, at a much smaller scale, household
air pollution measurements near pollution sources such as a furnace or cookstove are insufficient
to accurately estimate personal exposure in different parts of the households over different
durations. Spatio-temporal pollutant level data provides a way to better model the effect of air
circulation on pollutant dispersion and decay rate.
Better characterization of indoor air pollution is critical because residents spend much more time
indoors than they spend outdoors [2-4]. The World Health Organization (WHO) reported that poor
indoor air quality due to residential solid fuel combustion affects over three billion people.
Particulate matter (PM) emissions cause health issues such as acute respiratory infections (ARI),
chronic obstructive pulmonary disease (COPD), and cataracts [5-9]. WHO has estimated four
million premature deaths from illness are attributable to household air pollution from residential
solid fuel combustion for cooking and heating. Furthermore, among children under the age of five,
pneumonia attributed to inhaled PM accounts for more than half of the total deaths.
The majority of published studies on solid fuel cookstoves and indoor air quality take PM 2.5
(particulate matter less than 2.5 µm in aerodynamic diameter) measurements using gravimetric
methods at limited locations to indicate the levels of personal exposure [10-13]. Real time
measurements have only been reported from few field studies on cookstove emissions [14, 15] but
data on spatial variation of the pollutants in indoor environments is limited because of use of few
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instruments due to their high cost. Most previous studies have taken measurements near the
breathing zone [11, 16-18] or above the cookstove [19] which might not be representative of indoor
air quality throughout the household. Sampling near the source does not capture parameters other
than the source characteristics, a shortcoming that affects the assessment of overall indoor air
quality.
The type of cookstove and fuel are not the only factors governing indoor air quality: other factors
such as the household layout, kitchen volume, and ventilation characteristics also play important
roles which are currently understudied [20-23]. Depending on the household characteristics,
cookstove emissions can quickly transport to living spaces, thereby affecting other household
members [24, 25]. A large variation in personal exposure levels have been observed in different
field studies, which is attributed to inability to capture the interplay between the household
characteristics and indoor air quality [26]. Moreover, pollutants can stratify vertically exposing
individuals with different heights, standing at the same location, to different levels of the same
pollutant [21].
Spatio-temporal measurements are essential to correctly estimate personal exposure and to
enhance the understanding of household air pollution, but such measurements are currently
challenging to accomplish due to the lack of affordable real-time monitors [26]. To ensure the
feasibility of using multiple devices for PM measurement, it is essential that low-cost PM sensors
be developed and deployed. Recent developments by many researchers in the design and
fabrication of low-cost PM sensors [27-33] have made progress toward making such
measurements feasible.
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The objectives of the work presented in this chapter were to deploy a wireless PM sensor network
for performance evaluation in households and to demonstrate its utility in providing insights into
spatio-temporal distribution of indoor air pollution. Two households in Raipur, central India, using
solid fuel cookstoves were selected for this research. To record spatio-temporal PM levels,
multiple sensors, sending data wirelessly to a data acquisition system, were installed at different
locations in the kitchen and adjoining parts of the household. A commercially available TSI
Sidepak (TSI Inc., Minnesota, USA) was collocated with one of the sensors for performance
comparison.

5.3 Methods
5.3.1 Instrumentation
A key feature of the study was the deployment of multiple low-cost PM sensors and using a
wireless network system to collect the data. Sharp GP2Y1010AU0F sensors (Figure 5-1) were
used in this study owing to their high linearity against the reference instrument (TSI SidePak AM
150) and long-time operational stability [27]. The operating principle of this sensor is the detection
of scattered light from particles; the light source is an infrared emitting diode (IRED) and the
detector is a phototransistor that converts the scattered light intensity to a voltage output. More
details about the construction and operation principle of the Sharp GP2Y1010AU0F sensor are
provided in a previous study [27]. Two additional components were attached to the sensors to
enable wireless transmission of data and create a local area network (Figure 5-1).

These

components include a router (XBEE Series 2) to communicate with the data acquisition system.
In this study, a coordinator connected to a computer was used for data collection and storage, but
these sensors could readily be connected to the network cloud for real-time data acquisition and
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processing. Power was supplied to the sensors by 5 V lithium-ion batteries. The total cost of one
sensor assembly including the Sharp GP2Y sensor, router, battery and accessories was around
USD 50, making it much cheaper than any commercially available light-scattering based PM
measurement instrument. The cost could be reduced to USD 25 provided the required parts are
procured in bulk directly from the manufacturers.

Figure 5-1: PM sensor assembly, which includes a Sharp GP2Y sensor, a router mounted on a chip board,
and a 5 V lithium ion battery. The battery can be significantly reduced in size in next generation devices.

The Sidepak and DustTrak (TSI Inc., Minnesota, USA), both with the same operating principle,
have been used in multiple laboratory and field studies to measure PM2.5 mass concentrations from
cookstoves [14, 15, 34-36]. A TSI Sidepak AM510 (approximate cost USD 3500) was used to
record reference measurements to facilitate the sensor’s performance evaluation. The Sidepak
operation is also based on light scattering and uses a light source that is a 670 nm emitting diode.
This instrument, which comes with impactors with different cut-off sizes, was operated with one
to obtain PM2.5 concentrations. The Sidepak and the sensors were set to collect data with a
frequency of 1 Hz and 0.25 Hz respectively.
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5.3.2 Household Characteristics and Test Plan
The two households selected for this study used U-shaped mud cookstoves (chulhas) for cooking
meals. The layout of each household is shown in Figure 5-2. The first household (Household A),
shown in Figure 5-2A, had a kitchen (floor area ~ 5.3 m2) on the second floor, isolated from the
rest of the residential area on the first floor. The entrance door and a window next to it, both open
during sampling, were the two main ventilation sources. The window area was permanently
covered with a concrete slab consisting of multiple holes in a decorative pattern. The cookstove
was located just below the window. The slightly slanted roof, a corrugated metal sheet, formed
multiple small openings at the junction of the kitchen walls, and aided in the ventilation. No forced
ventilation was present in Household A. The area outside the kitchen front was an open space for
children to play, which was also used for air drying the biomass fuels. The PM sensors were

Figure 5-2: Top view showing the layout of the (A) upper level of the household with the isolated kitchen and, (B)
household with kitchen interconnected with other room in the household. Only the doors and windows which were
opened during sampling are shown in the layout. Positions (A1-A5 in Household A and B1-B6 in Household B)
where PM sensors were installed are marked with the height in the parentheses

installed at the five positions shown in Figure 5-2A. Sensors A1 and A2 were installed at the
interface of the kitchen and ambient environment to capture the effects of natural dilution and air
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exchange between the two environments having different PM levels. Plume concentrations were
captured by installing a sensor at position A3, directly above the cookstove. Another sensor was
installed inside the kitchen at position A4 to investigate the spatial variability within the kitchen.
Sensor A5 was installed outside of the kitchen to monitor PM levels corresponding to exposure
levels of children present in that area.
Figure 5-2B presents the layout of the second household (Household B). With approximately 29
m2 of floor area, Household B consisted of a kitchen opening to a room which served as a living
room; this room was further connected to a bedroom. The two rooms each had one door opening
to the ambient environment (towards the backyard and street) providing natural ventilation.
Similar to Household A, Household B had no forced ventilation. Only the windows and doors that
were open during measurements, and therefore affected indoor air quality, are marked in the layout
(Figure 5-2B). Household B had a thatched roof with pore spaces allowing emissions to escape
through the ceiling. Multiple locations were chosen to install PM sensors. In the room adjoining
the kitchen, PM levels were monitored at B1 and B3 (Figure 5-2B). Three sensors were placed at
B2, B4, and B5 to investigate PM dispersion in the bedroom. A sensor at B6, around 4 feet outside
the door, was installed to gauge dispersion and natural dilution of PM.
The SidePak was collocated with the sensor A3 in all of the runs in Household A. Due to physical
constraints, it was not possible to place the Sidepak directly above the cookstove. Therefore, a
sampling probe was hung over the cookstove at location A3, connected by a conductive silicon
tubing (approximately 2.5 meter long) to the Sidepak. Sensor A3 was hung over the probe. The
data from the collocated sensor and Sidepak was used to obtain calibration factors to convert the
analog output from the sensors to Sidepak-equivalent PM2.5 levels. The calibration method is
discussed in detail in Section 5.4.1.
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Spatio-temporal PM measurements using the wireless sensor network were taken during multiple
days at the two households. A summary of the experimental plan is given in Table 5-1. A total of
six measurement runs were performed; four in Household A and two in Household B. A local
meal was cooked during each run, and the cooking duration depended on the type of meal. In
Household A, different types of biomass fuel were used, whereas dung cake was used for both
runs in Household B.
Table 5-1: Summary of experimental plan for the two households

Household Run #
1
2
A
3
4
B

5
6

Run Code
A-R1
A-R2
A-R3
A-R4
B-R1
B-R2

Fuel
Fuelwood
Fuelwood
Fuelwood
Rice straw and fuelwood
Dung cakes
Dung cakes

5.3.3 Data Analysis
For ease of analysis, discussion of the spatio-temporal measurements has been divided into three
sections: (1) pre-ignition (background), (2) the cooking phase, which starts with ignition and ends
with extinguishing, and (3) the post-extinguished decay phase. Decay rates of pollutants after
extinguishing the cookstove depend on the air exchange rate which is governed by the ventilation
characteristics of the space. Average post-extinguished PM2.5 decay rates can be calculated by Eq.
0
𝑡
5-1 where 𝑃𝑀2.5
and 𝑃𝑀2.5
are PM2.5 concentrations at cookstove extinguishing and at any time t

post-extinguished.
𝐷𝑒𝑐𝑎𝑦 𝑟𝑎𝑡𝑒 =

0
𝑡
𝑃𝑀2.5
− 𝑃𝑀2.5

𝑡

(5-1)

For the enclosed space, i.e., the kitchen in Household A and the whole Household B, postextinguished PM2.5 decay can be modelled as Eq 5-2. In Eq. 5-2, V is the volume of the enclosed
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𝑎𝑚𝑏
space, 𝑣̇ is effective air exchange air rate, and 𝑃𝑀2.5 and 𝑃𝑀2.5
are PM2.5 concentrations in the

enclosed space and ambient respectively. Since ambient PM2.5 concentrations were not measured
separately in this study, background (pre-ignition) data was used instead.
𝑉

𝑑𝑃𝑀2.5
𝑑𝑡

𝑎𝑚𝑏
= 𝑣̇ (𝑃𝑀2.5
− 𝑃𝑀2.5 )

(5-2)

With an assumption of constant effective air exchange rate (𝑣̇ ) between the enclosed space and
the ambient surroundings, Eq. 5-2 can be further simplified (Eq. 5-3) to calculate effective air
exchange rate using post-extinguished data recorded by the sensors.

𝑣̇ =

𝑉

𝑃𝑀0 −𝑃𝑀𝑎𝑚𝑏

2.5
𝑙𝑛 (𝑃𝑀2.5
𝑡 −𝑃𝑀𝑎𝑚𝑏 )
𝑡
2.5

(5-3)

2.5

5.4 Results and Discussion
5.4.1 Sensor Calibration
Based on the data from collocated samplers (sensor A3 and Sidepak), a calibration factor was
determined to convert sensor analog signal output to mass concentration equivalent of the Sidepak
PM2.5. The Sharp GP2Y sensors demonstrated good linearity with the Sidepak (R2 = 0.713) which
is consistent with the laboratory calibration reported in the previous study [27], and the same study
also reported similar slope values for different units of the same sensor. Therefore, a similar slope
for the linear calibration curves was used for all the sensors used in the study which might have
introduced some inaccuracy in the conversion of the analog signal output from these sensors to
Sidepak equivalent PM2.5. Intercept values of the linear calibration curves were calculated by
equating the background measurements from all sensors, because no spatial variability was
expected before the ignition of fuel, and therefore all the sensors record the same PM levels. The
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values of linear calibration curve constants (slope and intercept) for the five sensors used in this
study are presented in Table 5-2.
Table 5-2: Calibration factors (slope and intercept) for the five Sharp GP2Y sensors
used for converting their analog output to Sidepak equivalent PM 2.5 levels

Sensor #
1
2
3
4
5

Locations
A1, B1
A2, B2, B6
A3, B3
A4, B4
A5, B5

Slope
0.00954
0.00954
0.00954
0.00954
0.00954

Intercept
-1.88
-1.54
-1.60
-2.16
-1.73

Figure 5-3 presents the converted sensor A3 data (mass concentration) and Sidepak data from the
four runs in Household A (A-R1 to A-R4). Some of the Sidepak data for run A-R4 (Figure 5-3D)
is missing due to sampling problems. The first observation from Figure 5-3 is the difference in the
saturation limits of the two instruments. The Sidepak can measure up to 20 mg/m3, whereas the
sensors appear to saturate at 5 mg/m3, which is higher than the previously reported saturation
concentration of 4 mg/m3 [27]. The difference in the saturation concentrations of the sensor could
be attributed to the differences in the optical properties of the particles, which highlights the
importance of calibrating any light scattering based PM measurement instrument with other
techniques or by carefully evaluating the impact of refractive index of the particles.
The Sidepak had a slower response, and showed a delayed concentration growth for runs A-R1,
A-R2, and A-R4 (Figure 5-3) for the first peak, corresponding to ignition at 10:37, 12:33, and
12:48 respectively. This cannot be attributed to the sampling configuration of the sensor A3 and
the Sidepak described in the previous section. The residence time in the tubing was not high
enough to explain the observed delay in the Sidepak response. Another thing to note is that this
delay was observed only for ignition, and therefore was not observed in run A-R3 (Figure 5-3), in
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which sampling was started few minutes after ignition owing to technical issues. Kindling was
done using a few splashes of kerosene, which burned for the first few minutes, producing PM at a

Figure 5-3: Analog signal from the PM sensor at location A3 in
household A, converted to mass concentration, and PM 2.5 levels
measured by the collocated Sidepak
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much lower rate than when the biomass started burning. At low PM emission rates, factors like the
location of the sensor relative to the sampling probe and nearby ventilation features such as the
window and the door (Figure 5-2A) could explain the delayed response of the Sidepak.
The sensors were saturated for a significant part for each run shown in Figure 5-3, and therefore,
they failed to provide quantitative information for that period. It should be noted that these are
rather high indoor PM concentrations. Both runs A-R2 and A-R4 (Figure 5-3) demonstrated
mismatch between the PM sensor and the Sidepak towards the end of the sampling, which marks
the extinguishing phase of the burn cycle.
Overall, the PM sensors demonstrated good agreement (R2 = 0.713) with the Sidepak under field
conditions with scope of further improvement to address the observed issues such as the delay
between the responses from the two instruments, and saturation at high concentrations (5 mg/m3
in this case). A pump or fan to introduce the sample gas to the optical chamber of the PM sensor
would decrease its reliance on natural dispersion.
There are few limitations associated to the PM sensors used in this study which could be addressed
in future work. Mass concentrations measured by the light scattering based devices depend on the
optical properties of the PM [37], and therefore there may be some deviations from the exact mass
concentrations. Nevertheless, the primary purpose of data collected in this study is to facilitate
comparative analysis. Also, different types of fuel were burned in the two households, but the
sensors were only calibrated for Household A which limits any comparison between PM levels
recorded in the two households.
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5.4.2

Spatio-temporal Concentration Profiles

Figures 5-4 and 5-5 present the spatio-temporal concentration profiles in Household A and
Household B respectively. Output signals from all five sensors were converted to Sidepakequivalent PM2.5 mass concentrations, as discussed in the previous section.

Pre-ignition (Background)
In Household A, sampling started before ignition in all runs except A-R3. The first peak in the PM
levels marks ignition and the final decay marks extinguishing the flame (Figure 5-4). The preignition PM level for run A-R1 (0.52 mg/m3) was much higher than those for run A-R2 (0.07
mg/m3) and A-R4 (0.05 mg/m3). This could be due to relatively early sampling for run A-R4
(10:25) compared to other runs, where sampling started at around noon. Other households in the
community of Household A also used solid fuels and were observed to cook their meal a couple
of hours before noon. The high pre-ignition PM level observed for Run A-R3 (Figure 5-4A) was
due to the emissions from the neighbours’ cookstoves. This finding suggests that even if a
household switches to cleaner fuel alternatives, they still might be exposed to elevated PM levels
from the neighbours. In addition to an indoor air quality issue, households using solid fuels also
impact the ambient air quality.

Cooking Phase
The highly variable concentration profiles during the cooking phase (Figure 5-4 and Figure 5-5)
are typical for biomass combustion in uncontrolled settings [14, 15]. The multiple peaks
correspond to events like refueling, blowing air to rekindle the fire, and various cooking activities
such as adding and removing a pot. In Household A, sensor A3 recorded the highest concentration
levels and also the longest saturation time. This observation can be explained by its location, 1.83
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meters directly above the cookstove in the natural path of the plume caused by upward convection,
which often also leads to pollutant stratification in the vertical direction [21]. This vertical

Figure 5-4: Real-time PM concentrations measured by the PM sensors installed at different locations in household
A over four runs: (A) A-R1, (B) A-R2, (C) A-R3, and (D) A-R4.

153

concentration gradient was also reflected by data from sensors A3 and A4 for runs A-R1 and AR2 (Figure 5-4A and 5-4B). Sensor A4, used for two runs (A-R1 and A-R2), was furthest from
the ventilation sources but detected lower PM levels than other kitchen sensors installed higher up.
Sensors A1 and A2 were next closest to the cookstove, after sensor A3. Cookstove emissions
(plume) tend to move towards openings like windows and doors via diffusion, and depending on
the air flow direction, convection as well. Therefore, PM level trends at position A1 and A2 are,

Figure 5-5: Real-time PM concentrations measured by the PM sensors installed at different locations in household
B over two runs: (A) B-R1 and (B) B-R2.
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as expected, similar to the trends observed at position A3. In all four runs (Figure 5-4A to 5-4D),
sensors A1 and A2 tracked the PM level profile measured by sensor A3 but demonstrated lower
PM levels due to dilution as their location was further away from the plume and close to the
ventilation sources. Also, the sensors on the window (A1) and door (A2) demonstrated higher
fluctuations than the other two locations inside the kitchen (A3 and A4) for all runs. These two
sensors were installed at the boundary of the kitchen and outer environment (Figure 5-2A),
exposing them to air exchange and dilution. Lower signals from these two sensors indicate natural
dilution.
Sensor A5 recorded the lowest PM levels (Figure 5-4A to 5-4D), which can be explained by its
location outside of the kitchen in the ambient environment. Compared to the background or preignition levels, elevated PM levels were recorded by sensor A5 for all four runs (Figure 5-4A to
5-4D), and the highest PM levels were observed during the first half of run A-R4 (Figure 5-4D).
The fuel used for the first half of this run was rice straw, which burns faster than fuelwood and
also generates an exceptionally high amount of particulate matter (also visible by the enhanced
smoke plume). The Sidepak recorded the highest concentration it can measure (20 mg/m3) during
the burn cycle of rice straw (Figure 5-3D). The high PM generation rate caused a high signal from
sensor A5 even after natural dilution. For runs A-R1, A-R2, A-R3, and the latter half of run A-R4
(Figure 5-5), fuelwood was used, which produced much less smoke than rice straw. Although flow
rate measurements could not be taken, even forced ventilation might fail to provide sufficient air
exchange to cope up with high emissions from solid fuels like rice straw. It is important to
transition to cleaner fuel alternatives, although fuel transitioning faces many challenges such as
resource constraints, poverty and lack of an appropriate policy framework [38].
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Figure 5-5 presents the results from the two runs in Household B. Sensor B1 detected the highest
concentrations, followed by sensor B3, owning to their lower distances from the cookstove.
Sensors B1 and B3 recorded similar PM levels and trends in run B-R1 (Figure 5-5A), indicating
low spatial variability in the room just outside the kitchen. But in run B-R2 (Figure 5-5B), sensor
B3 detected PM levels lower than that from sensor B1 for the whole run, except at the end. Since
the same fuel and stove were used for the two runs in Household B, the observed differences were
attributed to the differences in the natural air exchange between the household space and ambient
environment.
Due to limited number of sensors deployed, measurement at B6 in household B (Figure 5-2B) was
taken in only one run (B-R1) for 45 minutes starting at 16:17 when sensor B2 was moved to the
position B6. In Figure 5-5A, the three sensors in the bedroom (B5, B4 and B2) showed similar
trends, but with a delay in responses inversely proportional to their distances from the cookstove
indicating the dispersion of PM through the bedroom. Also, the data from sensor B5 demonstrated
more fluctuations than sensors B2 and B4, which could be attributed to its proximity to the door
making it more susceptible to air exchange, whereas sensors B2 and B4 were located in a relatively
dead zone. After about fifteen minutes from ignition, all sensors except B6 remained saturated for
a significant fraction of the sampling time (Figure 5-5A), which disables any comparative analysis
during this period, but it does indicate that PM levels were very high throughout the household.
Therefore, it emphasizes that personal exposure due to household air pollution is not limited to the
kitchen and the person cooking.

Post-extinguished Decay Phase
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Experimental and modelling work has been done by several researchers to understand the
distribution and decay of pollutants inside a closed space with controlled ventilation [21-23, 3942]. Bouilly et al. [23] studied the effect of ventilation characteristics and particle size on the
particle decay rate in a model room; and observed that the decay in concentration is particle size
dependent. Since sampling was continued even after extinguishing the cookstove for the runs AR2, A-R3, A-R4, B-R1 and B-R2, average post-extinguished decay rates of PM levels and
effective air exchange rates between the household and the ambient environment can be calculated
In Household A, comparable average PM level decay rates (Eq. 1) and effective air exchange rates
(Eq. 3) were observed: A-R2, 0.52 mg/m3-min and 3.92 m3/min; A-R3, 0.72 mg/m3-min and 3.39
m3/min; and A-R4, 0.54 mg/m3-min and 3.91 m3/min. Similarly, average PM level decay rates of
0.26 mg/m3-min and 0.87 mg/m3-min were observed for runs B-R1 and B-R2 respectively. Though
the interior volume of Household B was significantly higher than that of Household A, comparable
decay rates for the two households can be explained by higher effective air exchange rates in
Household B (B-R1: 7.68 m3/min and B-R2: 37.40 m3/min, which is a function of air flow rates
and the area available for ventilation.
There was no forced ventilation in Household B, and therefore the threefold higher decay rate for
run B-R2 compared to run B-R1 can be attributed to a higher effective air exchange rate (B-R1:
7.68 m3/min and B-R2: 37.40 m3/min) on that day than on the day of run B-R1. A lower air
exchange rate for run B-R1 could also explain why all sensors (except B6) were saturated during
half of the sampling time, and low spatial variability. This observation also highlights that in
households with no forced ventilation, typical of most rural households, cookstove emissions can
linger for durations comparable to the actual cooking session. Since the same fuel and cookstove
was used in both runs in Household B, the differences in the spatio-temporal PM levels in the two
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runs (Figure 5-5) emphasize the importance of looking beyond the cookstoves and encourage a
holistic approach to tackling household air pollution.

5.5 Conclusions
The utility of a low-cost wireless sensor network to measure spatio-temporal PM levels in
households using cookstoves was demonstrated. The data from the sensors agreed well (R2 =
0.713) with the reference measurement by a conventional instrument, the Sidepak. Data from the
sensor network established the importance of spatio-temporal measurements, which provided
insights into the effects of multiple factors such as the household layout and ventilation
characteristics.

Poorly ventilated small spaces like the kitchen in Household A, results in little

spatial variability. The higher aerosol generation rate from rice straw combustion compared to
fuelwood led to significantly high PM levels even in the area outside the kitchen in the ambient
environment. In Household B, where the kitchen adjoined the living space and the bedroom, PM
levels comparable to the kitchen were measured throughout the house highlighting that personal
exposure due to household air pollution is not limited to the kitchen and the person cooking.
Lacking forced ventilation, both households relied on natural air exchange, which was found to be
insufficient in reducing PM exposure. Significant differences were observed for the PM level
decay rate for two runs in the Household B (0.26 mg/m3-min and 0.87 mg/m3-min), owing to
different effective air exchange rates (7.68 m3/min and 37.40 m3/min). Moreover, even for the
highest decay rate and effective air exchange rate observed, cookstove emissions lingered inside
the household for a period comparable to the cooking time.
High background PM levels were observed in a few cases, even when the cookstove was not lit,
which was attributed to emissions from neighboring household cookstoves. Therefore, even if one
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household in a community dominated by solid fuel combustion switches to a cleaner fuel, the
exposure of the household members might not decrease significantly because of the high ambient
concentration. In such scenarios, wireless sensors will also be helpful in measurements at
macroscale and can be related to meteorological data to study their effect on pollutant transport
and fate. The arrangement of such wireless sensors with routers and coordinators can be
customized for deployment in large areas such as a community or even a city where measured PM
levels can be stored in a central data repository.
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Chapter 6
Associations between Household Air
Pollution and Reduced Lung Function in
Women and Children in Rural Southern
India

To be submitted for publication
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6.1 Abstract
Half of the world’s population still relies on solid fuels to fulfill its energy needs for cooking and
space heating, leading to high levels of household air pollution (HAP), adversely affecting human
health and the environment. To investigate any associations between: (1) HAP metrics (PM2.5,
lung-deposited surface area (LDSA), and CO); (2) a range of household and socio-demographic
characteristics; and (3) lung function for women and children exposed daily to biomass cookstove
emissions, in rural Southern India. In this cross-sectional cohort study, HAP measurements were
collected inside the kitchen of 96 households during an evening meal preparation, and pulmonary
function tests were performed for the women and child in each enrolled household. Detailed
questionnaires captured household characteristics, health histories, and various socio-demographic
parameters. Simple linear and logistic regression analysis was performed to examine possible
associations between (1) the HAP metrics and lung function, (2) the HAP metrics and all household
/ socio-demographic variables, and (3) lung function and all household / socio-demographic
variables. Chimney and other ventilation features significantly influenced HAP. Obstructive lung
defects (FVC≥LLN and FEV1/FVC<LLN) were found in 8% of mothers and 9% of children, and
restrictive defects (FVC<LLN and FEV1/FVC≥LLN) were found in 17% of mothers and 15% of
children. LDSA, included for the first time in this type of epidemiological study, was found to be
associated with lung function whereas no such association of lung function with PM 2.5 were
observed, emphasizing the need to look beyond mass-based PM metrics to fully assess the
association between HAP and lung-function.
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6.2 Introduction
In India, the cooking energy portfolio differs dramatically between the urban and rural populations.
While 86.5% of the rural Indian population (145.2 million households) depends on solid fuels,
only 26.5% of the urban population (20.64 million households) does so [1, 2]. The most common
traditional stoves used in rural India are the three-stone stove and U-shaped mud stove (chullah),
both of which are among the least efficient cookstoves in term of both thermal and emission
performance [3-5]. Low combustion efficiency results in high particulate and gaseous emissions
per unit of fuel burned, and low thermal efficiency means more fuel is required to cook the same
meal. Moreover, a typical rural kitchen in India lacks sufficient ventilation to adequately remove
emissions generated from the traditional cookstove, resulting in high exposures for cookstove users
and other members of the household. Of the complex mixture comprising solid fuel cookstove
emissions, particulate matter (PM) has received much attention. These particles are complex in
terms of the physical and chemical characteristics that govern their health and environmental
impacts [6-8].
People, particularly women and children, spend most of their time indoors, which makes them
more susceptible to household air pollution (HAP). Multiple field studies have used different
health indicators, such as pulmonary function test (PFT) parameters to assess the health impact of
HAP caused by cookstove emissions [9, 10]. Pre-clinical studies of lung and respiratory tract cell
lines have established the adverse effects of PM emissions from biomass combustion [11-14].
Kurmi et al. [15] performed a comprehensive review of studies investigating associations between
exposure to biomass smoke and health outcomes, including chronic obstructive pulmonary disease
(COPD) and lung cancer, among different populations, and concluded that exposure to biomass
smoke increased the risk for such diseases. Pokhrel et al. [16, 17] conducted a study among rural
168

Nepalese women and concluded that women exposed to biomass smoke have a higher risk of
cataracts.
Other studies have focused on establishing the influence of HAP on lung diseases, such as COPD
and asthma, by evaluating exposure levels of cookstove emissions influence on lung function [9,
18-22]. Some studies have directly attributed the observed decrease in lung function of exposed
individuals to cookstove emissions [9]; but inconsistent results have also been reported. Clark et
al. [18] collected health and air quality data that does not support the hypothesis that improved air
quality due to improved stoves results in improved lung function.
For PM metrics, PM2.5 or PM10 have been used almost exclusively as predictors of different health
indicators [18, 22-25]. But other metrics, such as particle number and lung-deposited surface area
(LDSA) concentrations are yet to be rigorously explored. Moreover, lower mass concentration of
PM does not necessarily translate into a reduced risk to health. Chen et al. [26] demonstrated that
coal briquettes, which emit a lower mass of PM than raw coal, contained much higher
concentrations of carcinogenic polycyclic aromatic hydrocarbons (PAHs). Likewise, a recent
paper by Leavey et al. [8] reported that although organic mass concentrations were higher for
ambient applewood compared to dry applewood, the latter emitted higher PAH concentrations.
LDSA may more accurately predict health impacts because it takes into account the penetration
efficiency of particles inside the respiratory tract and lungs, and provides better quantification of
the actual particle surface area that will come into contact with the biological tissue. However,
only a few studies have used LDSA to characterize cookstove emissions [6, 27, 28], a potentially
important omission given that LDSA correlates only moderately with mass concentration-based
PM metrics.
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Given the large population that is dependent on solid fuels, there is a relative lack of studies
investigating the effects of HAP on lung function. This chapter aims to redress this by presenting
the results from the baseline data of a cluster randomized trial of improved cookstoves among rural
households in two southern Indian states: Andhra Pradesh and Karnataka. Several pollutant metrics
(PM2.5, LDSA, and CO) were measured to assess HAP. Next, the lung function of women and
children in rural Indian households were monitored. Finally, whether these associations may be
modified or exacerbated by different socio-demographic indicators or household characteristics
were determined using regression analysis.

6.3 Materials and Methods
This section provides details on the study location, the protocols followed, and the methodologies
for household selection, participant enrollment, air quality sampling, and PFT measurements. Data
quality control procedures and analysis are also presented.

6.3.1 Study Design and Methods
A cluster randomized trial was conducted, in which the village was the unit of randomization. The
goal was to randomize 12 villages in each of the two Indian states included in the study: Andhra
Pradesh and Karnataka. Each state had six villages that were assigned to the control group, and
six that were assigned to the intervention group. The target was to enroll 4 households within each
participating village, resulting in a total of 96 participating households. It should be noted that this
study presents only the baseline (pre-intervention) data.
A comprehensive list of villages within the 2 study states, and with which our local partnering
agency, Foundation for Ecological Security (FES), had a history of collaboration, was generated.
The information collected included the number of households within each village that had at least
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one child within the target age range (8-15 years old). Any villages that had fewer than 15
households with age-eligible children, were too geographically isolated or too difficult to reach,
or were suspected to be uncooperative, were excluded from the study. When the final list of eligible
villages had been identified for each state, they were randomly ordered. Representatives of FES
then approached the leadership of each village to explain the study, and to seek permission to
participate. This was done in the order that the village had been randomly assigned, and this
process continued until the target number of villages within each state had agreed to participate in
the study.
Once the participating villages had been selected, a similar process was used to randomly order
and subsequently enroll 4 households from within each village. Each of the eligible households
were approached in the order that had been randomly chosen and the process continued until four
households within each village had agreed to participate. The selection of villages and households
was pursued with the clear understanding that group assignment would be random and that
participation reflected a willingness to be randomized to either study group.
A total of 96 households, distributed over two states and 24 villages, were selected for the study,
using cluster randomization with the village being the unit of randomization so that all
participating households in a village were assigned to the same group. The mother and one child
age 8 to 14 were the participants from each household. Where there was more than one child in
the desired age range, the oldest among them was selected to participate.

6.3.2 Household Air Pollution (HAP) Monitoring
Real-time HAP was monitored inside of the kitchen throughout the cooking duration. Sampling
was conducted 1 m away from the cookstove at a height of 1 m to represent the breathing zone of
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the mother and also to minimize the instruments’ interference with the cooking task. The HAP
metrics measured were PM2.5, LDSA, and CO.
A DustTrak II 8532 (TSI Inc.) recorded PM2.5 concentrations. This instrument works on the
principle of light scattering, and therefore the mass concentrations obtained depend on the optical
properties of the aerosols and may not always accurately reflect the absolute mass concentration.
However, this study captured comparative air quality data, which is a valid approach because
aerosol properties are not expected to change significantly between households using similar
cookstoves and fuels. Additionally, it permits time-series data to be generated, enabling
concentrations to be linked with specific activities, something that is not possible with gravimetric
measurements. An AeroTrak 9000 (TSI Inc.) - a nanoparticle surface area monitor, was used to
measure LDSA in the alveolar region of the lung. An EL-USB-CO EasyLog (LASCAR
Electronics) was used to monitor CO concentrations. More details about the operating principles
of the three instruments can be found in previous studies [6, 27, 29].
Due to physical constraints, it was not possible to mount the instruments themselves at the desired
sampling location, and therefore a sampling probe was used along with silicone conductive tubing,
which minimizes particle losses. Unlike the other instruments, the CO sensor was compact and
did not have an inbuilt pump, and so it was placed near the probe inlet to ensure that all HAP
parameters were recorded from the same location inside of the kitchen.
Due to logistics, the HAP sampling was performed without any instrument personnel present.
Since the AeroTrak and DustTrak can be programmed to start sampling at a set time for a given
duration, the instruments were installed in the household one to two hours before the estimated
start time for cooking, and they were programmed to record data for 3 hours, starting 30 mins
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before the cooking start time given by the cook. The CO sensor recorded data during the entire
time the instruments were installed in each household. Only cooking data, i.e. data that were
collected while the cookstove was operating - characterized by elevated concentrations compared
to background levels, was extracted post hoc for analysis. Instruments were removed from a
household the following morning, data were downloaded, and the instruments were cleaned ready
for the next sample. The DustTrak and AeroTrak collected data at a frequency of 1 Hz, whereas
the CO sensor was set to collect data at 10 Hz. In addition to the HAP measurements, a set of
questionnaires was also administered to capture such household characteristics as floor area,
construction material, and ventilation features (e.g. the number and area of windows, and the
presence of a chimney).

6.3.3 Health Assessment
The lung function of both the mother and the selected child from each participating household was
assessed following the guidelines of the American Thoracic Society [30]. A KoKo spirometer
(nSpire Health) was used to obtain PFT parameters: forced vital capacity (FVC), forced expiratory
volume in 1 second (FEV1), the ratio of FEV1 and FVC, peak expiratory flow rate (PEFR), and
mid expiratory volume (FEF 25-75%). The largest FVC and FEV1 values from three reproducible
curves were selected for analysis.
Spirometry tests were performed before and 15 minutes after administering a bronchodilator drug
(200 mcg salbutamol) via inhalation. The height and sex of the participants were also recorded and
used to obtain their predicted lung function based on the Global Lung Function Initiative (GLI)
equations [31]. Since there are no GLI equations specifically for Indian population, equations for
the south-eastern Asian population was used. Though equations for predicted lung function for
north Indian population have been proposed by Chhabra et al. [32, 33], GLI was chosen for this
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study as it is more widely used and based on a larger sampling of a normative population. A set of
questions capturing information related to the health of the mother and child was also administered
on the same day that spirometry tests were performed. Bases on American Thoracic Society
guidelines for interpreting spirometry results [34], lung function was categorized based on lower
limit of normal (LLN) as follows: (1) restrictive defect, indicated by an FVC < LLN and
FEV1/FVC ≥ LLN; (2) obstructive defect, indicated by an FVC ≥ LLN and FEV1/FVC < LLN;
and (3) combined defect, indicated by FVC < LLN and FEV1/FVC < LLN.

6.3.4 Statistical Analysis
REDCap, an online data management portal hosted at Washington University in St. Louis, was
used to manage and store all data [35]. Instrument data were downloaded using TrakPro software
(version 4.6.1.0, TSI Inc.). All measured data were checked manually as a standard quality control
procedure. Quality control measures were applied resulting in the removal of 22 LDSA, and 14
CO data sets (where each set corresponds to the data from one meal) that were erroneous or
partially missing. The stringent QC measures applied underscores the accuracy and reliability of
the retained samples. PM2.5 levels in 24 households were not recorded because of instrument
breakdown.
All analysis was conducted using R statistical software, version 3.2.5. All continuous independent
variables were tested for normality using the Shapiro-Wilk test, stem plots, and boxplots. Those
that did not satisfy these tests of normality were log-transformed and retested. All HAP data were
positively skewed and subsequently log-transformed, ensuring the normality assumptions required
for many statistical analyses. Analysis was conducted only on HAP data collected while
cookstoves were in operation, and not on averages of the entire 3-hour sample time.
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Simple regression analysis was used to examine associations between all household /
socioeconomic and demographic variables (independent variables) and HAP metrics (dependent
variables), and (2) all household / socioeconomic and demographic variables and HAP metrics
(independent variables) and lung function (dependent variables). Finally, the continuous lung
function data (FVC, FEV1, and FEV1/FVC) were dichotomized to normal versus abnormal
samples (≥’Lower Limit of Normal’ or LLN / <LLN) for logistic regression. Odds ratios (OR)
and associated 95% confidence intervals (CI) were calculated for all independent variables, using
the PFTs as dependent variables. When required, regressions were controlled for tobacco smoking
status, age, and the presence of a chimney.

6.4 Results and Discussion
This section presents descriptive results for all demographic and household questionnaire data. It
also provides simple regression results for all statistically significant (p-value < 0.1) associations
observed between the air quality, pulmonary function, and questionnaire data. Finally, the logistic
regression results quantifying the risk of an abnormal lung function outcome with a given variable
are discussed.

6.4.1 Demographic Characteristics
Key descriptive characteristics of the study population are presented in Table 6-1. The average
ages of mothers and children participating in this study were 32.5 ± 4.47 years and 11.1 ± 2.05
years old, respectively. For the mothers, the average BMI was 19.64 ± 3.28 kg/m2 – on the lower
end of the normal weight range (18.5 – 24.9) for this population. However, the average BMI for
children was 14.63 ± 1.72 kg/m2, which is bordering on underweight (i.e., the bottom 5th
percentile) per the Center for Disease Control. In all, 38% of the participating mothers and 53% of
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the participating children were underweight indicative of a potentially malnourished population,
therefore at risk of poor health outcomes. Also noteworthy is the relatively young age of the
mothers when they first started cooking (average 13.9 ± 3.09 years), indicating long-term firsthand exposure to cookstove emissions. In addition, the average age at which the participant
became a mother was 20.1 ± 3.76 years, and a quarter of these women (N=25) entered motherhood
earlier than the legal marriage age in India, which is 18 years old for women. This might be an
indicator of the low education level, socioeconomic status, and lack of autonomy among women
in the study population.
Table 6-1: Descriptive characteristics of the study population (mother and
child) and households (n=96)

Mother: Mean (standard deviation)
Age (years)
Height (m)
Weight (kg)
BMI (kg/m2)
Age when pregnant for the first time
Age when started cooking

32.5 (4.47)
1.54 (0.06)
46.75 (8.64)
19.64 (3.28)
20.1 (3.76)
13.9 (3.09)

Child: Mean (standard deviation)
Age (years)
Height (m)
Weight (kg)
BMI (kg/m2)

11.1 (2.05)
1.35 (0.11)
26.96 (6.24)
14.63 (1.72)

Household: Mean (standard deviation)
Years lived in house
# of people in house
Land ownership (acres)
Cooking room area (m2)

14.72 (5.92)
4.93 (1.68)
2.76 (2.46)
9.78 (5.18)

The vast majority of the heads of households were either self-employed or wage laborers in both
agricultural and non-agricultural sectors, with only three heads of households claiming to be
unemployed, and only one to have a regular salaried job. Among the heads of the households
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without a regular salaried job, 79% (N = 76) and 62% (N = 60) reported being self-employed or a
wage laborer, respectively, with a 54% (N = 51) overlap. The employment status of the mothers
was similar to the heads of households, and 82% (N = 79) reported to be earning. The lack of
regular salary jobs, combined with the vast majority of households relying on multiple job types,
is likely due in part to the seasonal nature of agricultural jobs, but certainly highlights the
vulnerability of the population and its relative financial insecurity. Average monthly household
incomes were trichotomized: high (> USD 74.6), medium (USD 29.8 - USD 74.6), and low (<
USD 29.8). All income data was collected in the local currency - i.e., the Indian National Rupee
(INR), and subsequently converted to USD using an exchange rate of 67 INR per 1 USD. Only
19% of households reported a high income, and 45% belonged to the low-income group.
Data regarding decision-making in the households were also collected. In 75% (N = 72) of
households, the head of household was the decision maker, and only 6 households reported that
the mother was the decision maker. Joint decision-making was reported for 19% (N =18) of
households. Moreover, among all the earning mothers, only 60% reported having power to make
decisions over their own earnings. This is a critical point, because while women typically do the
cooking, many have little or no say in whether to purchase a cleaner cookstove or fuel, with the
decision lying most frequently with the head of household (i.e. man). Indeed, studies have reported
a link between a household’s willingness to switch cookstoves/fuels and the level of education and
age of the man of the house [36].

6.4.2 Household Air Pollution
To assess the HAP and potential personal exposures, three pollutant metrics - PM2.5, LDSA, and
CO, were recorded during cooking. Various household characteristics which affect HAP were also
collected. These included ventilation features (proximity of the cookstove to the door / to a
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window, window sizes, the presence of a chimney, chimney dimensions, the location of the
kitchen), as well as information on the amount of fuel being burned, and traditional cookstove
type. Simple linear regressions were performed for the three HAP metrics and all householdrelated variables.

Figure 6-1: Boxplots presenting comparative date between the households with and without chimney for (A) lungdeposited surface area, (B) PM2.5, (C) CO, (D) child FEV1, (E) child FVC, (F) child FEV1/FVC, (G) mother FEV1,
(H) mother FVC, and (I) mother FEV1/FVC. FEV1 and FVC for child (D and E) and mother (G and H) are presented
as a fraction of their predicted values.

Concentrations of all three pollutants were statistically lower in households with a chimney (Figure
6-1A, 6-1B, and 6-1C) compared to houses without. This was not surprising, because the purpose
of a chimney (Figure 6-2) is to effectively vent the flue gases out of the home. The variable
“Chimney” explained more variability in CO levels (R2 = 0.41) than in PM2.5 (R2 = 0.16) and
LDSA (R2 = 0.11). Since chimney was found to have such a significant impact on all of the HAP
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metrics, remaining regressions on the other household-related variables were performed with and
without adjusting for the presence of a chimney.

Figure 6-2: Pictures illustrating chimney construction style in the households enrolled in the study. The area marked
by the red boxes is the stove recess aperture. The distance marked by the yellow arrows is being referred as ‘stove
recess top – stove gap’ in the discussion.

Increasing window area resulted in decreasing particulate PM2.5 (p = 0.09, R2 = 0.19) and LDSA
(p = 0.03, R2 = 0.18) concentrations, but not CO (p = 0.18). The importance of window area on
improving household ventilation has been highlighted in previous studies [37], and its importance
is even greater in the absence of a chimney. Although CO was not influenced by window area, it
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was the only pollutant metric to demonstrate strong associations with chimney-related dimensions
(namely, stove recess top – stove gap and stove recess aperture area (Figure 6-2), so that the larger
the gap between the stove recess top and the stove, the higher the CO concentrations.
Table 6-2: Simple regression analysis or analysis of covariance in cases where covariates were included in the
model. Results are presented for household characteristics with statistically significant associations (p < 0.1) with
the three household air pollution (HAP) metrics: PM2.5, lung-deposited surface area, and CO that serve as dependent
variables in the analyses
Metric
PM2.5
concentration1
(mg/m3)

Variable
Chimney
Window area1,2
Separate kitchen
Slanted roof2
Roof material2,3

Lung-deposited
surface area
(µm2/cm3)

Chimney
Window area1,2
No. of household members1
Roof material3
Wall material4
Monthly income5,6

CO
concentration1
(ppm)

Chimney
Stove recess top – stove gap1
Stove recess aperture area1
Slanted roof
Roof material

Wall material

Category
No
Yes
Sample
No
Yes
No
Yes
Cat. 1
Cat. 2
Cat. 3

N
19
47
51
17
50
49
17
48
3
14

Mean (SD)
11.6 (10.64)
4.8 (5.99)
8.2 (6.8)
6.1 (8.5)
4.8 (86.1)
2.8 (2.9)
20.4 (16.1)
17.40\ (9.8)
7.7 (5.7)

b
2.018
-1.130
-0.690
1.752
-0.718
2.612
-0.805
2.611
0.382
-0.896

SE
0.264
0.312
-1.761
0.294
0.340
0.417
0.443
0.446
0.686
0.515

p
<0.01
<0.01
0.09
<0.01
0.04
<0.01
0.07
<0.01
0.58
0.09

Adj. R2
0.16

No
Yes
Sample
Sample
Cat. 1
Cat. 2
Cat. 3
Cat. 1
Cat. 2
Cat. 3
High
Medium
Low

28
50
51
77
53
4
20
20
35
21
14
29
35

6648.6 (4845.3)
4677.5 (8550.7)
5239.0 (8565.8)
5227.8 (3492.7)
5883.9 (4732.2)
6506.1 (5057.7)
6339.4 (10071.2)
3082.8 (2787.2)
9997.5 (14742.8)
5465.4 (4963.7)
3760.6 (3495.9)

8.542
-0.763
-0.733
0.677
7.904
0.464
0.472
8.437
-0.364
-0.719
8.469
-0.343
-0.604

0.185
0.232
0.327
0.352
0.143
0.539
0.273
0.230
0.289
0.322
0.276
0.336
0.326

< 0.01
< 0.01
0.03
0.06
< 0.01
0.39
0.09
< 0.01
0.21
0.03
< 0.01
0.31
0.07

0.11

No
Yes
Sample
Sample
No
Yes
0
1
2
0
1
2

28
55
50
68
61
22
58
4
20
19
40
23

17.1 (15.6)
10.2 (17.0)
11.9 (18.7)
14.2 (9.6)
12.0 (19.1)
10.3 (7.4)
15.1 (9.7)
18.9 (17.4)
12.3 (19.0)
8.0 (10.1)

11.572
-1.153
2.738
2.283
10.321
1.083
10.347
0.797
1.123
11.472
-1.067
-1.007

0.504
0.439
1.193
0.938
0.322
0.436
0.327
0.913
0.463
0.540
0.510
0.563

< 0.01
0.01
0.03
0.02
< 0.01
0.01
< 0.01
0.38
0.02
< 0.01
0.04
0.08

0.41

0.19
0.05
0.19
0.18

0.18
0.03
0.02

0.04

0.02

0.37
0.38
0.41
0.40

0.39

AM = arithmetic mean, SD = standard deviation, b = estimates of regression coefficients, SE = standard error of b, and p = p-value
1
data was log transformed to achieve a normal distribution
2
controlled for the presence of a chimney
3
roof material categories (cat.): Cat. 1 = cement or stone or stone & cement or rock, Cat. 2 = asbestos or steel sheet, and Cat. 3 = thatched or
Stone over Bamboo stick
4
wall material categories (cat.): Cat. 1 = mud, Cat. 2 = brick & cement or brick & stone, and Cat. 3 = cement & concrete
5
monthly income categories: high (> USD 74.6), medium (USD 29.8 - USD 74.6), and low (< USD 29.8)
6
significant with and without adjusting for chimney

The construction materials of the house walls and roofs were also found to be associated with HAP
(Table 6-2). For example, when controlled for the presence of a chimney, households with a
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thatched roof demonstrated lower PM2.5 concentrations (7.72 ± 5.67 mg/m3) than those with a
cement roof (20.43 ± 16.08 mg/m3). Similar results were also observed for wall material. These
variables may influence HAP both directly and indirectly. Directly because a thatched roof likely
allows additional ventilation, whereas a cement roof offers more insulation thus trapping emissions
(which in turn would be modified by other influencing parameters such as windows or gaps),
leading to higher HAP [27, 37]. However, richer households may also prefer a cement roof as this
is more desired for other socio-economic reasons. This may explain the inverse association
between household income and HAP reported also in Table 6-2.

6.4.3 HAP-health Association
Only the pre-bronchodilator data are discussed in this study, but the post-bronchodilator data are
also presented in Table 6-3. Children demonstrated higher predicted lung function than the
mothers: FVC (child: 93.7 ± 14.47 % of predicted, and mother: 89.2 ± 10.9 % of predicted, p =
0.01), FEV1 (child: 91.4 ± 12.5 % of predicted, and mother: 86.0 ± 9.9 % of predicted, p = <0.01),
and FEV1/FVC (child: 0.89 ± 0.05, and mother: 0.84 ± 0.05, p = <0.01). This could be attributed
to the much higher exposure duration for mothers owing to their age, and also to the early age at
which they started cooking (Table 6-1).
Obstructive lung defects (FVC≥LLN and FEV1/FVC<LLN) were found in 8 (8.3%) mothers and
9 (9.3%) children. Restrictive lung defects (FVC<LLN and FEV1/FVC≥LLN) were found in 16
(16.7%) mothers and 14 (14.6%) children. Restrictive defect was observed for 14 (14.6%) children
and 16 (16.7%) mothers. In this study, none of the children and mothers demonstrated combined
defect. Other studies focusing on populations exposed to cookstove emissions in India have found
all three patterns of lung-function impairments among the participants [23, 38, 39]. One limitation
in studies obtaining pulmonary function testing in the field is the inability to obtain lung volumes
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Table 6-3: All lung function parameters recorded for the children and the
mothers enrolled in the study. Note that the post-bronchodilator data is not
used in the statistical analysis models.

PFT Parameter
Mother
Predicted FVC (L)
Pre-bronchodilation FVC (L)
Post-bronchodilation FVC (L)
Pre-bronchodilation FVC (% Predicted)
Post-bronchodilation FVC (% Predicted)
Change in FVC (%)

Average ± SD

Predicted FEV1 (L)
Pre-bronchodilation FEV1 (L)
Post-bronchodilation FEV1 (L)
Pre-bronchodilation FEV1 (% Predicted)
Post-bronchodilation FEV1 (% Predicted)
Change in FEV1 (%)

2.50 ± 0.21
2.15 ± 0.25
2.22 ± 0.25
86.00 ± 9.93
88.90 ± 10.42
3.42 ± 3.65

Predicted FEV1/FVC
Pre-bronchodilation FEV1/FVC
Post-bronchodilation FEV1/FVC

0.838 ± 0.009
0.842 ± .047
0.856 ± .039

Child
Predicted FVC (L)
Pre-bronchodilation FVC (L)
Post-bronchodilation FVC (L)
Pre-bronchodilation FVC (% Predicted)
Post-bronchodilation FVC (% Predicted)
Change in FVC (%)

1.92 ± 0.48
1.77 ± 0.43
1.80 ± 0.44
93.68 ± 14.40
95.51 ± 15.06
1.98 ± 3.76

Predicted FEV1 (L)
Pre-bronchodilation FEV1 (L)
Post-bronchodilation FEV1 (L)
Pre-bronchodilation FEV1 (% Predicted)
Post-bronchodilation FEV1 (% Predicted)
Change in FEV1 (%)

1.73 ± 0.42
1.57 ± 0.37
1.61 ± 0.37
91.37 ± 12.49
94.02 ± 13.43
2.95 ± 4.64

Predicted FEV1/FVC
Pre-bronchodilation FEV1/FVC
Post-bronchodilation FEV1/FVC
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2.87 ± 0.25
2.55 ± 0.30
2.59 ± 0.29
89.23 ± 10.91
90.67 ± 11.01
1.71 ± 3.71

0.87 ± 0.01
0.89 ± 0.05
0.90 ± 0.05

using plethysmography techniques. Therefore, we cannot definitively determine whether
reductions in FVC are due to poor effort or increases in residual volume, creating a pattern known
as pseudo-restriction. However, this is very rare in the absence of obstructive airway disease [40].
Therefore, reductions in FVC are likely to represent a true impairment in lung growth. There was
a high correlation (R2 = 0.95) between predicted lung function obtained using the GLI for southeastern Asia population and predicted for northern Indian population from Chhabra et al [32, 33].
Regression analysis was performed for lung function of both mothers and children, and the HAP
metrics (Table 6-4 and 6-5). Since only one air quality measurement was taken per household,
day-to-day variations due to meal type, ambient conditions, and fuel type cannot be discounted,
and is therefore acknowledged as a potential limitation to this study. Moreover, Leavey et al. [41]
demonstrated that fixed household characteristics could predict HAP. Thus, if HAP is linked with
specific health outcomes, then household characteristics could be identified as important
determinants to these health outcomes. Therefore, regression analysis between lung function and
various household characteristics were also performed.
Simple regressions were also adjusted for the frequency of time a child spends in the kitchen. This
information was collected by asking the mother “In general, how often is your child (the one
enrolled in the study) with you when you are cooking?”. Mothers responded with never,
sometimes, mostly, or always. Surprisingly, adjusting for the child’s presence in the kitchen during
cooking did not alter the results. This may be attributed to two possible factors: (1) The data
reported was not accurate; and/or (2) even if the children were not in the kitchen during cooking,
they were in another part of the household and were still exposed to high pollutant levels. For
example, Patel et al. [42] monitored spatio-temporal PM2.5 in multiple locations of different types
of Indian households using similar cookstoves and fuels, and reported that PM2.5 levels in the living
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space and bedroom were comparable to that in the kitchen area, even in bigger households than
those participated in this study.
Table 6-4: Simple regression analysis (with a control variable when applicable) results showing household
characteristics and household air pollution metrics with statistically significant associations (p < 0.1) with the three
lung function metrics for children: FVC, FEV1, and FEV1/FVC; the first two are given as a fraction of the predicted
values
Metric
FVC/FVCPred1
(%)

Variable
Lung-deposited
surface area1
Window area1
Distance of stove from
door
Stove recess top –
stove gap
Age of child1
Was weight at birth
low?
State
Monthly income2

FEV1/FEV1Pred
(%)

Lung-deposited
surface area1
CO concentration1
Distance of stove from
door
Stove recess area1
Age of child1
State
Monthly income2

b

SE

p

Adj. R2

-0.032

0.015

0.04

0.04

0.053

0.025

0.04

0.07

-0.039

0.020

0.04

0.03

-0.056

0.027

0.04

0.05

92.1 (14.1)

-0.233

0.082

0.01

0.07

4.511

0.017

<0.01

0.05

21
48
52
18
44
35

98.0 (13.5)
98.8 (14.9)
89.3 (12.5)
88.6 (9.3)
97.6 (14.2)
92.3 (15.8)

0.065
4.582
-.099
4.479
0.092
0.032

0.036
0.021
0.029
0.034
0.041
0.042

0.08
< 0.01
<0.01
<0.01
0.03
0.45

Sample

77

-

-3.029

1.307

0.02

0.05

Sample
Sample

82
90

-

-1.112

0.702

0.09

0.05

-3.087

1.629

0.06

0.03

Sample
Sample
A.P.
Karnataka
High
Low
Medium

64
97
48
48
18
44
35

95.3 (12.7)
87.9 (11.3)
87.5
94.2
90.3

-9.207
-21.81
95.335
-7.388
87.476
6.735
2.805

5.417
6.730
1.787
2.441
2.912
3.494
3.584

0.09
<0.01
<0.01
<0.01
<0.01
0.06
0.44

0.03
0.09
0.08

Sample

50

-

0.018

0.010

0.08

0.05

No

73

0.89 (0.05)

0.893

0.006

<0.01

0.02

Yes
A.P.
Karnataka

21
48
52

0.87 (0.04)
0.88 (0.04)
0.90 (0.05)

-0.020
0.879
0.019

0.012
0.007
0.010

0.09
<0.01
0.05

0.03

Category
Sample

N
77

Mean (SD)
-

Sample
Sample

51
90

-

Sample

64

-

Sample
No

97
73

Yes
A.P.
Karnataka
High
Low
Medium

0.010
0.04

0.02

FEV1/FVC
Distance of stove from
window1
Was weight at birth
low?
State

AM = arithmetic mean, SD = standard deviation, b = estimates of regression coefficients, SE = standard error of b, and p = p-value
1
data was log transformed to achieve a normal distribution
2
monthly income categories: high (> USD 74.6), medium (USD 29.8 - USD 74.6), and low (< USD 29.8)

LDSA and CO showed significant (p < 0.1) negative association with FEV1 of children (Table 64), which isn’t surprising given that better lung function is to be expected with lower HAP. No
significant correlations were found between PM2.5 and children’s lung functions, thus supporting
the previous assertion that LDSA might be better than the mass-based metrics, such as PM2.5 and
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PM10, for assessing the health impacts of PM, reinforced by the low-to-moderate correlations
between mass concentration and LDSA reported previously [6, 28]. Although more fundamental
studies, particularly on lung cells, exploring the utility of surface area-based metrics are yet to be
conducted, Karakocak et al. [43] examined the biocompatibility of gold nanoparticles in the retinal
pigment epithelial cell line, and demonstrated that the size of the nanoparticles became irrelevant
when the particle surface area concentration was used as a metric for biocompatibility. None of
the three HAP metrics was found to be associated with FEV1/FVC of children.
Next, the household characteristics were examined for associations with the child’s lung function.
All three lung function parameters showed significant associations with one of the following two
variables: distance of the stove from the (1) door and (2) window, both of which impact household
ventilation efficiency. All regressions (except for FEV1/FVC and the distance between the stove
and window), demonstrated negative associations (Table 6-4), because pollutant levels rise with
increasing distance between the stove and the ventilation features (window and door in this case).
But the distance between stove and door/window did not show any significant associations with
the HAP metrics. This may be because the HAP was sampled only on one day, which might not
reflect year-long exposures due to missing variations introduced by non-constant factors such as
seasonal fuel type, ambient conditions, and cooking methods. Another significant predictor of
children’s FVC and FEV1/FVC was whether the weight of the child was low at time of birth. But
this variable should be interpreted with caution owing to recall bias and the absence of medical
records. While 33% of households (N = 32) reported that one or more family members (other than
the enrolled mother and child) smoked, no statistically significant associations between households
with a smoker and lung function were observed.
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Table 6-5: Simple regression analysis (with a control variable when applicable) results showing household
characteristics and household air pollution metrics with statistically significant associations (p < 0.1) with the three
lung function metrics for mothers: FVC, FEV1, and FEV1/FVC; the first two are given as a fraction of the predicted
values.
Metric

Variable

Category

N

Mean
(SD)

FVC/FVCPred
(%)

Stove recess top –
stove gap
Is kitchen a separate
room

Sample

67

-

No

22

93.0 (14.8)

Yes
No
Yes
Sample
High
Low
Medium
Sample
Sample

75
75
23
100
18
44
35
98
96

No
Yes
Sample

Slanted roof
Height of mother
Monthly income2

Age of mother
Family size
FEV1/FEV1_Pred
(%)

Chimney
Stove recess top –
stove gap1
Slanted roof
Monthly income2

Height of mother
State
Family size
FEV1/FVC

1

Sneeze symptoms
Eyes symptoms
Age of mother

b

SE

p

Adj. R2

4.890

1.861

0.01

0.08

92.991

2.293

<0.01

0.03

87.7 (9.3)
87.6 (10.1)
94.2 (12.4)
84.2 (7.4)
91.8 (11.2)
87.7 (11.3)
-

-5.267
87.628
6.576
-0.768
84.200
7.580
3.549
0.431
-8.316

2.608
1.231
2.541
0.170
2.509
2.979
3.088
0.257
3.487

0.05
<0.01
0.01
<0.01
<0.01
0.02
0.25
0.09
0.02

28
70
67

88.7 (10.3)
84.9 (9.8)
-

88.744
-3.803

1.877
2.221

<0.01
0.09

0.02

5.014

1.803

<0.01

0.09

No
Yes
High
Low
Medium
Sample
A.P.
Karnataka
Sample

75
23
18
44
35
100
48
52
98

85.0 (9.4)
89.5 (11.3)
81.4 (7.3)
88.1 (10.6)
85.1 (9.5)
87.9 (10.1)
84.3 (9.5)
-

84.959
4.558
81.366
6.761
3.694
-0.6185
87.896
-3.640
-5.499

1.142
2.358
2.291
2.719
2.819
0.158
1.416
1.964
3.225

<0.01
0.06
<0.01
0.02
0.19
<0.01
<0.01
0.07
0.09

0.03

No
Yes
No
Yes
Sample

81
16
78
19
98

0.85 (0.04)
0.84 (0.05)
0.85 (0.04)
0.84 (0.05)
-

-0.168
-0.029
-0.167
-0.027
-0.004

0.006
0.015
0.006
0.014
0.001

<0.01
0.06
<0.01
0.06
<0.01

0.03

0.05
0.16
0.05

0.02
0.05

0.04

0.13
0.03
0.02

0.03
.08

AM = arithmetic mean, SD = standard deviation, b = estimates of regression coefficients, SE = standard error of b, and p = p-value
1
data was log transformed to achieve a normal distribution
2
monthly income categories: high (> USD 74.6), medium (USD 29.8 - USD 74.6), and low (< USD 29.8)

As previously discussed in Section 2, households participating in this study were in regions
bordering two states: Andhra Pradesh and Karnataka. The household selection was such that each
state accounted for an equal number of households. Although this paper was not concerned with
inter-state differences, the lung function of the mothers and children living in the 2 states were
compared. Results demonstrated higher lung function for those children living in Andhra Pradesh,
although no explanation for this could be found in preliminary analysis.
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Next, the HAP and household characteristics were tested for their association with the mother’s
lung function (Table 6-5). None of the HAP metrics could explain the variability in the mother’s
lung function data, however some of the household-related variables and self-reported symptoms
did show statistically significant associations but many of these results were counter-intuitive. For
example, the FEV1 of mothers from households with a chimney was lower than that for mothers
from households without a chimney, which was not expected given HAP was significantly lower
in households with a chimney (Table 6-2). However, this kind of discrepancy have been reported
previously. Clark et al. [18] reported increased levels of PM2.5 with increased FEV1 values among
Honduran women. Kurti et al. [44] found no association between lung function of adults with HAP
exposure, but reported an association for children. These studies suggest that chronic exposure
may have reduced the susceptibility of mothers [18, 25]. In other words, there is a critical window
for lung growth during childhood during which exposure to HAP can affect lung growth with
subsequent effects on adulthood lung function. But exposure to HAP during adulthood might
manifest as various symptoms instead of further impairment in lung function. This might also
explain the observed association between FEV1 and age of children (Table 6-4).
While pollutant concentrations are governed by the emission source characteristics and the
ventilation features of the households, the cumulative exposure depends on both the concentration
and the cooking duration. For the same stove and fuel, cooking duration typically depends on the
quantity of food being cooked, which in turn depends on the family size. Indeed, negative
associations were observed between a mother’s FVC and FEV1, and family size (Table 6-5).
Many other factors that were not collected in this study could also influence the association
between lung function and both HAP metrics and household-related variables. For example, as
discussed previously, 5% of children and 38% of mothers would be classified as underweight
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based on their BMI. Therefore, more research examining the impact of nutrition and physical
activities is needed to draw more robust conclusions about what influences lung function.
Table 6-6 illustrates the statistically significant associations between the prevalence of subnormal
lung function for the mothers and children enrolled in the study, and the different air quality,
household, and socio-demographic characteristics. The FVC and FEV1 were examined by
dichotomizing the data as either > LLN and ≤ LLN. Prevalence odds ratios (ORs) and associated
95% confidence intervals are presented. Only significant ORs for which the 95% CI did not
include the null value (OR=1) are presented (Table 6-6).
Table 6-6: Simple logistic regression of the association of air quality, household and sociodemographic characteristics with the risk of reduced lung function (FVC and FEV1) for mothers
and children exposed to cookstove
Outcome
Variable
Lung
OR (95% CI)
function*
Child FVC/FVCPred
Distance of stove from door
Normal
1
Subnormal
2.26 (1.27, 4.33)
Stove recess top – stove gap
Normal
1
Subnormal
2.74 (1.15, 7.63)
Child FEV1/FEV1Pred

Lung-deposited surface area
CO
Age of child
Distance of stove from door
Stove recess top – stove gap
State

Mother FVC/FVCPred

Mother FEV1/FEV1Pred

Andhra Pradesh
Karnataka

Stove recess top – stove gap

Normal
Subnormal
Normal
Subnormal
Normal
Subnormal
Normal
Subnormal
Normal
Subnormal
Normal
Subnormal

1
1.69 (1.08, 2.82)
1
1.34 (1.03, 1.83)
1
1.40 (1.09, 1.84)
1
1.99 (1.13, 3.69)
1
2.66 (1.12, 7.28)
1
2.90 (1.28, 6.76)
1
0.32 (0.09,0.91)
1
2.33 (1.03, 5.42)
1
2.87 (1.16, 7.51)

State

Andhra Pradesh
Karnataka

Normal
Subnormal
Normal
Subnormal

State

Andhra Pradesh
Karnataka

Normal
Subnormal

*normal lung function: FVC > LLN and FEV1 ≥ LLN; subnormal lung function: both FVC <
LLN and FEV1 < LLN
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The results suggest that children are more affected by the measured characteristics compared to
the mothers. Children living in households with higher measured LDSA (OR: 1.69, 95% CI: 1.082.82) and CO (OR: 1.34, 95% CI: 1.03-1.83) were associated with an increased risk of subnormal
lung function. However, no such association was observed for PM2.5, highlighting that measuring
additional pollutants in conjunction with PM2.5 may better capture IAQ and health outcomes.
Two household characteristics: the distance between the stove and the door, and the gap between
the stove recess top and stove (both ventilation characteristics) were statistically associated with
subnormal lung function in children, and in reduced FVC among the mothers. None of the other
self-reported health symptoms (sneezing, eye symptoms, sinusitis) were statistically associated
with any HAP metric, household, or socio-demographic characteristics. Although significant ORs
for have been reported for self-reported health variables [9]. Clark et al. [18] attribute the lack of
any consistent association with inaccurate reporting of these symptoms due to ambiguity
introduced by the description of the symptoms in combination with the low literacy rate of study
participants.

6.5 Conclusions
This cross sectional study examined a range of variables, including different HAP metrics, lung
function, the health history of the mother and child, household characteristics, and various sociodemographic indicators, collected from 96 households. The results enhance our currently limited
knowledge of the associations between HAP and lung function, especially in rural southern India.
Moreover, this is the first study to include LDSA as a PM metric.
First, HAP metrics were tested for their associations with household characteristics. Not
surprisingly, HAP levels in households with a chimney were significantly lower than those in the
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households without a chimney, and explained more variability in CO levels (R2 = 0.41) than that
in PM2.5 (R2 = 0.16) and LDSA (R2 = 0.11). For households with chimneys, the chimney design
parameters, such as stove recess aperture and the gap between the stove recess top and the stove,
were also associated with the HAP metrics.
A significant proportion to the children and mothers demonstrated both obstructive and restrictive
lung defects. Decreased lung function among children were significantly associated with
increasing LDSA and CO levels, but not with PM2.5. This observation, along with previous labscale fundamental studies, suggests that future studies should incorporate additional PM metrics
with which to identify potential health effects. On the other hand, none of the HAP metrics were
significantly associated with the mothers’ lung function, which could indicate decreasing
susceptibility to HAP with age or the result of chronic exposure.
The results in this study both substantiated and called into question the results from other studies.
Such contradictions may be due to the differences in study design, variables collected, study
population, the limited number of studies reporting the effects of HAP on lung function, and
differences in the collection protocol. Further work will assess the success of the intervention-part
of the study, which will compare HAP and health parameters for households using a traditional or
improved cookstove. However, it should be noted that house characteristics may be a better
predictor for sub normal lung function than short-term air quality metrics.
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Chapter 7
A Model for Cost-Benefit Analysis of
Cooking Fuel Alternatives from a Rural
Indian Household Perspective

The results reported in this chapter were published in – Patel S., Khandelwal A., Leavey A., and
Biswas P. " A model for cost-benefit analysis of cooking fuel alternatives from a rural Indian
household perspective." Renewable and Sustainable Energy Reviews 56 (2016): 291-302

199

7.1 Abstract
Nearly half of the world’s population does not have access to cleaner cooking fuels, and this is
attributed to several things including the lack of resources (fuel), infrastructure (production and
distribution), purchasing power (poverty), relevant policies, and a combination of these reasons.
A household’s fuel choice aims to minimize cost and maximize benefit, both of which are intricate
functions of many factors. The factors influencing a household’s fuel preference, and how
manipulating these factors such as subsidies, improved distribution networks and user awareness
will affect fuel preference is reported. A cost-benefit analysis (CBA) model was developed to
study the fuel preferences of rural Indian households. Seven cooking fuels (biomass (wood and
crop residue), dung, charcoal, liquefied petroleum gas (LPG), biogas, kerosene and electricity)
were ranked in order of household preference. Various scenarios were considered to demonstrate
the sensitivity of fuel preference to multiple factors such as subsidies and improvement in cooking
technology. Results obtained from the model demonstrated strong agreement with the current fuel
usage pattern in rural India. The model was then applied to compare traditional cookstoves (TCS)
to non-subsidized improved cookstoves (ICS). The benefit-to-cost ratio of solid fuels when used
in ICS was lower than that when used in TCS. A similar trend was observed for fully-subsidized
ICS; indicating that price is not the only obstacle to the adoption of an ICS. Sensitivity analysis
was performed to demonstrate the utility of this CBA model in framing policies to promote fuel
transition in rural India. Although providing subsidies on LPG and electricity can make these
cleaner fuels an attractive option, biomass will remain a household’s preferred fuel unless
distribution networks and infrastructure is developed to ensure their uninterrupted supply and
accessibility.
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7.2 Introduction
The domestic sector accounts for 40% of the total primary energy demand in India [1]. The major
fraction of this demand is satisfied by solid fuels such as firewood, crop residue, cow dung cake,
coal and charcoal. According to the 2011 Census of India [2], 67.2% of the total households used
solid fuels and 88% of these households are in rural India. Inefficient combustion of solid fuels
results in dangerously high levels of indoor air pollution, and it has recently been recognized as
the world’s largest environmental health risk [3]. Firewood is the most widely used solid fuel in
rural areas. While 65% of urban households have adopted liquefied petroleum gas (LPG) and
piped natural gas (PNG), only 11.4% of rural households have followed suit, highlighting the
energy source disparity between the urban and rural population.

The other cooking fuel

alternatives, electricity, biogas and kerosene, are currently being used by less than 4% of Indian
households. A household’s cooking fuel preference is governed by a range of factors, income and
fuel cost being most critical [1, 4]. Other factors, such as fuel availability, supply reliability,
geography and impact on health also influence a household’s fuel choice [5], but are difficult to
quantify. Understanding how these factors affect the fuel preference of a household is critical for
the success of initiatives targeting the dissemination of cleaner fuels or cooking systems. Policy
options to promote fuel switching is limited and energy interventions with realistic goals and
targets need to be implemented [6].
There are limited studies that model fuel preferences of Indian households. While Farsi et al. [7]
used an ordered discrete choice framework to model the fuel preference of firewood, kerosene and
LPG among urban Indian households, other models examining cooking fuels in India have focused
on either resource allocation or the usage patterns of cooking fuels [8-13] but have failed to
incorporate the multitude of factors that influence a household’s fuel preference. Linear
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programming and its extension, goal programming, are the most commonly used tool for resource
allocation [11-16]. This technique is best suited for quantitative data and can be applied to
qualitative parameters only if they are quantified using methods such as the analytical hierarchy
process (AHP) [17, 18]. Ramanathan and Ganesh [13] used AHP to quantify the long-term
availability, convenience and safety of different fuel alternatives and performed linear
optimization to provide cooking portfolios maximizing these parameters.

However, linear

optimization fails to capture the effect of multiple factors simultaneously on the model outcome.
These drawbacks can be overcome with cost-benefit analysis (CBA). With CBA, the effects of
co-varying factors can be examined. Unlike optimization using linear programming, CBA does
not provide a portfolio for resource allocation but instead ranks fuels in order of preference.
Previous studies have used CBA for decision making and for policies related to health and power
decentralization [19-22]. To the best of our knowledge, no work has been done using CBA to
determine cooking fuel preferences in rural India.
This paper unravels the intricacies involved in the decision-making process governing a
household’s fuel selection. The first objective is to identify the key factors influencing a
household’s fuel preference and the extent of their influence.

The second objective is to

demonstrate how manipulating factors such as subsidies, improved distribution networks and user
awareness will affect fuel preference. A CBA model was developed to determine the cooking fuel
preferences of rural households in India. Seven fuel alternatives were considered: biomass (wood
and crop residue), biogas, dung, charcoal, LPG, kerosene and grid electricity. The AHP was
implemented to assign weights to all factors constituting either a cost or a benefit to the user. This
was repeated for each fuel alternative. The benefit-to-cost ratio, which governs a household’s fuel
preference, was used to rank the fuel alternatives. A sensitivity analysis was then performed to
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assess the importance of each criteria on fuel selection. Different cases such as the promulgation
of improved technology (traditional vs improved cookstove) and subsidies on cleaner fuels, were
investigated to highlight the utility of this CBA model as a decision-making tool.

7.3

Model Description and Methodology

7.3.1 Cost-Benefit Analysis Model
Saaty [18, 23] proposed AHP, a multi-criteria decision-making approach, which incorporates both
rationality (mathematical) and intuition (psychological) to determine the best alternative for a
specific goal. CBA using AHP requires the construction of a hierarchical map for both cost (Figure
7-1) and benefit (Figure 7-2). The top level (goal) defines the objective i.e. to calculate the total
cost or total benefit associated with different cooking fuels. The goal is constituted of various
criteria (Ci: ith criteria) forming the second level. Direct cost and indirect cost were considered as
the criteria for total cost whereas total benefit was categorized into three criteria by associating

Figure 7-1: Components of total cost influencing the fuel preference of a household.
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Table 7-1: Classification and summary of the factors constituting the hierarchical map of (A) total cost and (B)
total benefit.
Criteria
Sub-Criteria
Description
(A) Total Cost
Direct Cost
Capital
One-time investment associated with fuel transition. This
includes the cost of new stove, security deposits and
required installation and training costs

Indirect cost

Operation
Maintenance
Ecological Integrity

Cost of preparation, procurement and storage of fuel
Cost of repairs or servicing of cooking system
Incorporates fuel pollution effects related to both the micro
(acid rain, water and land pollution etc.) and macro (effects
at the fuel source) environment

Global Warming Potential
(GWP)
Waste management

GWP of pollutants generated throughout the life cycle of the
fuel
Costs related to waste disposal

(B) Total Benefit
Associated
Health
with the user

Associated
with the fuel

Associated
with the
cooking
system

Both acute and chronic health effects caused due to exposure the
emissions. Emission factors of pollutant were used as a proxy
for health

Time Savings

Time opportunity cost as time saved could be used for earning
money or other activities

Fatigue/Frustration
Sustainability

Labor required for fuel procurement, preparation and use
Degree of renewability of each fuel which depends on the
reserves and consumption rates

Supply and Accessibility

Depends on resource availability and the distribution network

Alternate uses
Employment opportunities

Use of the fuel for purposes other than cooking e.g. lighting
Jobs created for the supply distribution network of the fuel and
sales and repairs of the associated stove

Ease of Maintenance

Frequency of malfunctions and efforts required to troubleshoot

Ease of Operation

User friendliness of the cooking system or intensity of training
required for the new user

Safety
Robustness

Hazards related to stove operation and fuel storage
Reflects lifetime of the cooking system

possible household benefits with the person cooking (user), the fuel used and the cooking system.
The third level of the hierarchical map contains sub-criteria for each of the criteria, Ci (SCi,j: jth
sub-criteria of the ith criteria). Sub-criteria (Figure 7-1) for both total cost and total benefit are
described in Table 7-1. In this paper, only criteria and their sub-criteria were considered but the
sub-criteria could be further deconstructed to form an additional level. Thus, in general there can
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be any number of levels in the hierarchical map depending on the nature of analysis. The last level
of the hierarchical map contains cooking fuel alternatives (Ak: kth alternative). Seven cooking fuels
were considered based on the fraction of households using these fuels in rural India: biomass
(74.8%), dung (10.9%), charcoal (0.8%), LPG (11.4%), biogas (0.4%), kerosene (0.7%) and
electricity (0.1%) [2]. Other alternatives such as solar cookers, were not considered owing to their
very limited use in Indian households (<0.6%).

7.3.2 Weight Assignments Using Pairwise Comparison
Weights to (a) alternative “k” with respect to sub-criteria “j” of criteria “i” (WAi,j,k), (b) subcriteria “j” with respect to criteria “i” (WSCi,j), and (c) criteria “i” with respect to goal (WCi) were
assigned through pairwise comparison. Though details about the pairwise comparison for AHP
can be found in Saaty [17, 18, 23], an example to demonstrate the process to assign weights to the
seven fuel alternatives (k = 1 to 7) for capital cost (in this case, j=1) contributing to the direct cost
(i=1) is presented. Pairwise comparison assigns a weight on a relative scale using judgement or
data from a standard scale such as monetary value [17]. The capital cost, includes the price of
each stove (k = 1 to 3, solid fuels for improved cookstove (ICS), k = 4 for standard LPG stove, k
= 5 for biogas stove and digester, k = 6 for wick type kerosene stove, k = 7 for induction stove,
Table 7-2 [24-27]) and the associated expenses required for installation and any user training. A
scale ranging from 1 (where two factors are equal) to 9 (where one factor exceeds another in the
extreme) for pairwise comparison is used similar to the work of Satay [17, 18]. A 7x7 matrix for
the 7 alternatives (fuel type) was thus constructed (Table 7-3) where Ep,q (entry in pth row and qth
column referring to the various alternatives) is the pairwise comparison value assigned based on
the comparison between the capital cost associated to the fuels. Therefore, all diagonal cells (Ep,p)
must be unity. Ep,q is the inverse of Eq,p (=1/Ep.q). To determine values of Ep,q , a mth row is
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Figure 7-2: Components of total benefit influencing the fuel preference of a household

selected corresponding in this case to the biogas fuel (m = 5). A capital cost of 12,800 INR
required for a biogas plant setup was the maximum among all the fuels, and that of the kerosene
stove was significantly lower at INR 400 [24, 28]. Therefore, biogas was assigned a weight of 9
in comparison to kerosene (E5,6 = 9). The next step is to complete the mth row for the various fuel
alternatives based on capital costs of the respective stoves to that of the biogas stove. Based on
the capital cost of the stove required for the three solid fuels (INR 2070), LPG (INR 2500) and
electricity (INR 3000), scale values of 7 (E5,1, E5,2 and E5,3), 6 (E5,4) and 5 (E5,7) were assigned.
Once the mth row is filled completely, all of the other cells in the matrix can be populated using
Eq. 7-1.

𝐸𝑝,𝑞 =

𝐸𝑚,𝑞
𝐸𝑚,𝑝

(7-1)

Table 7-2: Capital (cooking system) costs associated with the fuel
alternatives [24-27].

Fuel
Biomass
Dung
Charcoal
LPG
Biogas3
Kerosene
Electricity4
1

Cost of cooking
system (INR)1
20702
2070
2070
2500
12800
400
3000

Pairwise comparison
weight of biogas
7
7
7
6
1
9
5

INR: Indian National Rupee; 1 USD = 60 INR (approx.)
average cost of improved cookstoves available in India
3
for 1 m3 capacity
4
induction stove
2

In this demonstrative example, m was 5, and Eq. 7-1 is used to complete the 7x7 matrix (Table 73). Using these pairwise comparison matrix values, the weight of the fuel alternatives (WAi,j,k) for
the capital cost (SCi,j), is calculated

𝑊𝐴𝑖,𝑗,𝑘 =

𝐸𝑘,𝑞
7
∑𝑞=1 𝐸𝑘,𝑞

(7-2)

The nature of the pairwise comparison matrix is such that WAi,j,k in Eq. 7-2 is independent of q.
The values for WA1,1, k for sub-criteria (capital cost, SC1,1) of criteria direct cost (C1) are illustrated
in Table 7-3 using Eq. 7-2.
Table 7-3: Matrix constructed from pairwise comparison of the fuel alternatives based on the associated capital costs
(fixed costs)
Column
1
2
3
4
5
6
7
Row
Biomass
Dung
Charcoal
LPG
Biogas
Kerosene
Electricity
W1,1,k
1
2
3
4
5
6
7

Biomass
Dung
Charcoal
LPG
Biogas
Kerosene
Electricity

1
1
1
7/6
7
7/9
7/5

1
1
1
7/6
7
7/9
7/5

1
1
1
7/6
7
7/9
7/5

6/7
6/7
6/7
1
6
2/3
6/5

1/7
1/7
1/7
1/6
1
1/9
1/5

9/7
9/7
9/7
3/2
9
1
9/5

5/7
5/7
5/7
5/6
5
5/9
1

0.075
0.075
0.075
0.087
0.525
0.058
0.105

Once the weights of the fuels were calculated with respect to all sub-criteria, the same process was
repeated to assign calculate the weights for the sub-criteria (WSCi,j) with respect to the criteria
where the size of the pairwise comparison matrix depends on the number of sub-criteria under the
same criteria. This was followed by calculating the weights of criteria (WCi) with respect to the
goal i.e. total cost. Weights for the constituent factors of the hierarchical map of total benefit were
calculated in the same manner as for total cost. Also, pairwise comparison in AHP generates
normalized weights (Eq. 7-3 to 7-5).
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𝑛

∑ 𝑊𝐶𝑖 = 1

(7-3)

𝑖=1
𝑚(𝑖)

∑ 𝑊𝑆𝐶𝑖,𝑗 = 1

𝑓𝑜𝑟 𝑖 = 1 … . 𝑛

(7-4)

𝑓𝑜𝑟 𝑖 = 1 … . 𝑛 𝑎𝑛𝑑 𝑗 = 1 … . 𝑚(𝑖)

(7-5)

𝑗=1
𝑟

∑ 𝑊𝐴𝑖,𝑗,𝑘 = 1
𝑘=1

where n is the total number criteria, m(i) is the number of sub-criteria under criteria Ci and r is the
number of alternatives. The objective of this model is to assign weights to the kth fuel alternatives
with respect to the goal (WTCk for total cost and WTBk for total benefit) which can be evaluated
from Eq. 7-6.
𝑛 𝑚(𝑖)

𝑊𝑇𝐶𝑘 𝑜𝑟 𝑊𝑇𝐵𝑘 = ∑ ∑ 𝑊𝐶𝑖 𝑊𝑆𝐶𝑖,𝑗 𝑊𝐴𝑖,𝑗,𝑘

(7-6)

𝑖=1 𝑗=1

7.3.3 Data Used for Pairwise Comparison
The previous section described how weights are assigned to the fuel alternatives based on capital
costs (Table 7-2). The same methodology was applied to calculate the weights for the fuel
alternatives with respect to all of the sub-criteria, both total cost and total benefit. Different
parameters were used to calculate weights for the fuel alternatives depending on the sub-criteria.
In the case of operational cost, the cost per unit of energy delivered [29, 30], after accounting for
stove efficiency [13, 31-33], for each fuel was used for pairwise comparison. It was assumed that
biomass and dung are free. No data could be found on the maintenance costs of the different
cooking systems relevant to this study. But since AHP is based on a pairwise comparison, any
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proportional quantity can serve as a proxy. This feature of AHP was exploited for the pairwise
comparison of the fuel alternatives with respect to multiple sub-criteria for which no direct data
was available. The depreciation of a stove, defined as the cost over its lifetime, was taken as a
proxy of maintenance costs, and all required data was imported from Reddy [33]. The weights
assigned to the fuel alternatives with respect to the sub-criteria of indirect cost were calculated
from the potential of each fuel to cause acidification, eutrophication, freshwater ecotoxicity, global
warming, human toxicity, photochemical ozone formation and terrestrial ecotoxicity [34, 35]. Due
to complex nature of a direct scale with which to rank the seven fuel alternatives with respect to
most of the sub-criteria under total benefit, proxy data was carefully selected for the pairwise
comparison. The weights with respect to health were calculated using the inverse of the emission
factors of products of incomplete combustion (PIC) [36]. No single comprehensive source from
which the proxy data for the fuel alternatives with respect to many sub-criteria of total benefit such
as time savings, fatigue/frustration and alternate uses on a common scale could be found. The
paucity of data was resolved using a vote counting system in which relevant constituent factors of
a sub-criteria were identified and their applicability for each fuel alternative was determined.
Taking alternate uses (of the fuels) as an example, the relevant constituent factors were identified
as space heating, cooling, lighting, entertainment and utility of any by products. Each of the fuel
alternatives was voted depending on their possible alternate uses. The vote count was then used as
a proxy for pairwise comparison using the methodology described in the previous section. This
voting system was used for time savings, fatigue/frustration, ease of maintenance and ease of
operation to facilitate the pairwise comparison. Data for pairwise comparison with respect to
employment opportunities were adapted from Ramanathan et al. [13]. Robustness of the various
cooking systems was considered proportional to their lifetimes reported by Reddy [33]. For the
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sub-criteria sustainability, biomass, charcoal, dung and electricity were given a pairwise
comparison value of nine, eight, six and three respectively when compared to petroleum based
LPG and kerosene, which were assigned a pairwise comparison value of one.
Pairwise comparison of sub-criteria and criteria is different from that of the alternatives in terms
of the quantities or parameters used to assign Saaty’s scale values. Quantities such as cost in
monetary values and emission factors were used for pairwise comparison of the fuel alternatives
but pairwise comparison of sub-criterial and criteria in this case accounted for the user’s
perception. For example, direct costs dominate the fuel preference from the user’s perspective in
rural India [37] and therefore direct cost was assigned a weight of 9 when compared to the indirect
cost. This feature of the model captures the user psychology and its effect on fuel preference.
Lewis et al. [4] highlighted that health and environmental benefits of a technology doesn’t play a
critical role in its adoption due to user unawareness. Therefore in the case of total benefit, benefits
associated to the user carried lowest weight followed by benefits associated with cooking system
and fuel.

7.3.4 Cases Analyzed
The weights obtained using Eq. 7-6 (WTCk and WTBk) combine and quantify different types of
cost and benefit associated to the fuel alternatives which influence a household’s fuel preference.
Changes in factors such as fuel price and cookstove performance lead to change in weights of the
relevant criteria, sub-criteria and fuel alternatives which subsequently reflect in weights for total
cost and total benefit. Multiple cases including subsidy and improved supply and distribution
networks were considered for CBA to study the shift in fuel preferences with changing scenarios.
A list of all cases studied is provided in Table 7-4. Current data for parameters such as fuel price,
state of technology and emission levels were used for Case 1, with the assumption that non211

subsidized ICS are used for the solid fuels (biomass, dung and charcoal). This case was referred
to as the base case, which served as a benchmark for all other cases. Case 2 was considered to
examine the differences in the preference order of the solid fuels for Tradition cookstove (TCS)
and ICS. To take into account the effect of subsidized or free ICS on fuel preference, CBA was
performed for free (100% subsidy) ICS (Case 3). The objective of Cases 1-3 was to understand
and explain the current low retention rates of ICS. Cases 4-9 were considered to investigate how
subsidies can be used as a tool by policymakers to influence the fuel preference of a household.
Cases with blanket subsidies on fuels, stoves and both LPG fuel and LPG stove were analysed.
Subsidies were uniformly applied on all fuels and cooking systems in Case 4-6, whereas a subsidy
was given to LPG only in Cases 7-9. Finally, Case 10 examined the effect of improved supply
and distribution networks on a household’s fuel preference.

Table 7-4: Summary of the scenarios considered for the CBA model to demonstrate the sensitivity of a
household’s fuel preference to the factors constituting the hierarchy map of total cost and total benefit
Case #

Scenario

Objective

1

Base case

To compare the CBA model output with the current
cooking fuel usage pattern of rural India

2

Traditional cookstoves

To examine the change in fuel preference after
transitioning from traditional to improved cookstoves

3

Improved cookstoves with
100% subsidy

To investigate the effect of subsidizing improved
cookstoves on fuel preference compared to Cases 1&2

4

Blanket subsidy (80%) on all
stoves (capital cost)

To demonstrate the variation of fuel preference due to a
subsidy on capital cost (stoves and accessories)

5

Blanket subsidy (80%) on all
fuels (operational cost)

To demonstrate the variation of fuel preference due to a
subsidy on operational cost (stoves and accessories)

6

Combined blanket subsidy
(80%) on all fuels and stoves

To demonstrate the effect of a combined subsidy on both
fuel and cooking system

7A, 7B & 7C

Subsidy on LPG stove only

To investigate the effect of a 60% (7A), 80% (7B) and
100% (7C) subsidy on selection of LPG as a cooking fuel
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8A & 8B

Subsidy on LPG fuel only

To investigate the effect of a 60% (8A) and 80% (8B)
subsidy on selection of LPG as a cooking fuel

9A & 9B

Subsidy on both LPG fuel
and stove

To examine the effect of subsidies on both fuel and stove
on selection of LPG as a cooking fuel

10 A & 10 B

Improved supply and
accessibility

To examine the role of supply and accessibility of LPG
(10A) and electricity (10B) in the transition from biomass
to these cleaner alternatives

7.4 Results and Discussion
7.4.1 Base Case (Case 1)
Table 7-5: Weights of the fuel alternatives, sub-criteria and criteria used to calculate the weight for total cost of the
fuel alternatives for the base case (Case 1)
Total Cost
Direct Cost (0.900)
Indirect Cost (0.100)
Global
Ecological
Waste
Capital
Operational
Maintenance
Warming
Integrity
Management
(0.563)
(0.375)
(0.063)
Potential
(0.286)
(0.643)
(0.071)
Biomass
0.075
0.036
0.158
0.117
0.188
0.185
Dung
0.075
0.036
0.158
0.138
0.219
0.185
Charcoal
0.075
0.107
0.158
0.170
0.281
0.259
LPG
0.087
0.321
0.079
0.230
0.063
0.111
Biogas
0.525
0.036
0.237
0.057
0.094
0.037
Kerosene
0.058
0.179
0.026
0.230
0.125
0.111
Electricity
0.105
0.286
0.184
0.057
0.031
0.111

For the base case, current data for parameters including the fuel price, state of technology and
emission levels were used to rank the fuels in order of household preference. Weights for (i) the
fuel alternatives with respect to the sub-criteria; (ii) the sub-criteria with respect to the criteria; and
(iii) the criteria with respect to the goal, are presented in Table 7-5 (total cost) and Table 7-6 (total
benefit). In the case of total cost (Table 7-5), direct costs dominate the overall cost [37] and thus
hold nine times more weight compared to the indirect costs based on the AHP scale. For direct
cost, the model assigned a maximum weight of 0.563 and a minimum weight of 0.063 to capital
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cost and maintenance cost respectively. The capital cost weight of biogas (0.525) was highest due
to the high cost of an anaerobic digester and the pipeline needed to transport the gas to the stove.
Ecological integrity, global warming potential (GWP) and waste management were the sub-criteria
for indirect cost. The GWP weights of both biomass (0.188) and dung (0.219) were higher than
that of LPG (0.063) and electricity (0.031). This is somewhat counterintuitive given biomass and
dung are considered to be carbon neutral. However, combustion of biomass and dung in the
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Table 7-6: Weights of the fuel alternatives, sub-criteria and criteria used to calculate the weight for total benefit of the fuel alternatives for the base case (Case 1)

Total Benefit
Associated with the user
(0.167)
Associated with the fuel (0.500)
Associated with the cooking system (0.333)
Time
Fatigue /
Supply and Alternate Employment Ease of
Ease of
Health Savings Frustration Sustainability Accessibility Uses Opportunities Maintenance Operation Safety Robustness
(0.188) (0.312)
(0.500)
(0.056)
(0.500)
(0.278)
(0.167)
(0.250)
(0.450) (0.050) (0.250)
Biomass 0.054 0.088
0.036
0.265
0.286
0.13
0.31
0.067
0.029
0.167
0.049
Dung
0.036 0.029
0.036
0.176
0.254
0.13
0.034
0.067
0.029
0.167
0.049
Charcoal 0.071 0.147
0.055
0.235
0.063
0.043
0.276
0.067
0.086
0.125
0.049
LPG
0.179 0.235
0.255
0.029
0.048
0.043
0.052
0.3
0.257
0.083
0.341
Biogas 0.25 0.059
0.182
0.176
0.254
0.217
0.207
0.267
0.143
0.125
0.341
Kerosene 0.089 0.176
0.109
0.029
0.063
0.087
0.052
0.2
0.2
0.042
0.098
Electricity 0.321 0.265
0.327
0.088
0.032
0.348
0.069
0.033
0.257
0.292
0.073

cookstoves generates not only CO2 but also PIC such as soot and CO whose GWP is also
significant [38].
For total benefit (Table 7-6), the highest weight was assigned to benefits associated with the fuel
(0.500) due mainly to the importance of supply and accessibility for fuel selection [5, 39, 40]. The
lowest weight was assigned to benefits associated with the user (0.167). Due to factors such as
low economic status or lack of awareness/education, health and fatigue is not a priority. Figure 73 presents the weights for the fuel alternatives with respect to the three criteria of total benefit:
benefits associated with the user, the fuel and the cooking systems. For the criteria benefits

Figure 7-3: Weights of the fuel alternatives with respect to the three criteria (∑𝑗 𝑊𝑆𝐶𝑖,𝑗 𝑊𝐴𝑖,𝑗,𝑘 ) of total benefit:
benefits associated with the user, benefits associated with the fuel and benefits associated with the cooking system.

associated with the user and the cooking system, LPG and electricity demonstrated higher weights
than biomass and dung. However, the weight for benefits associated with the fuel was lowest for

LPG (0.046) and highest for biomass (0.245). This is due to the poor supply and accessibility of
LPG in rural India. No single fuel demonstrated the highest benefit weight in all of the three
criteria.

Figure 7-4: Comparison of (A) total benefit and total cost weight and (B) benefit-to-cost ratio of the fuel alternatives
for base case (Case 1) with (C) the fuel usage pattern of rural India (Census 2011).
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The total cost and total benefit weights for each fuel were calculated for CBA and compared with
the actual fuel usage pattern of the households in rural India. It should be noted that the results
generated from the CBA model cannot directly predict the fraction of households using a particular
fuel. However, the CBA model results can predict the order of fuel preference which reflects the
fuel usage patterns. Minimum cost, maximum benefit or a combination of both governs a
household’s fuel choice. Figure 7-4 presents total benefit weight, total cost weight, benefit-to-cost
ratio and current usage pattern in rural India. Although biogas demonstrated the highest total
benefit weight (Figure 7-4A), according to 2011 India Census [2] it was used by only 0.4% of rural
households (Figure 7-4C). Therefore, benefits alone do not govern fuel choice. The total cost
weight (Figure 7-4A) showed a good agreement with the actual fuel usage patterns. However, the
almost equal total cost weight for biomass and dung failed to explain the higher fraction of
households using biomass (74.8%) compared to dung (10.9%). The benefit-to-cost ratio (Figure
7-4B) exhibited the strongest agreement with fuel usage pattern for rural India and thus it is this
parameter that was used as an indicator of fuel preference in this work. The benefit-to-cost ratio
was highest for biomass, which explains why biomass is the most popular fuel in India. Its lower
total benefit weight (0.149), compared to biogas (0.216), electricity (0.168) and LPG (0.156), was
offset by the extremely low total cost weight associated with it. The benefit weight for biomass
was the lowest for health and fatigue/frustration but the highest for supply and accessibility, which
plays a critical role in determining a household’s fuel choice. In spite of having the highest total
benefit weight, the benefit-to-cost ratio of biogas is the lowest, owing to its highest total cost
weight. This explains why a larger fraction of households prefer to make dung cakes (10.9%)
instead of using the same dung to produce biogas (0.4%). The only disagreement between the
results from the CBA model and the actual fuel usage pattern was for LPG. According to Census
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data [2], 11.4% of rural Indian households have access to LPG, but only 1.3% get LPG through
the distribution networks set up by the government and private distributors [1]. This indicates that
the remaining households using LPG procure it directly from urban distribution centers, which
was not accounted for in our model and may explain why the model failed to rank LPG higher.
A sensitivity analysis was performed in which the relative importance given to direct cost and
indirect cost was varied to account for user perception. Only the data for biomass, biogas, LPG
and electricity are presented. The objective was to investigate what weight must be given to

Figure 7-5: Sensitivity of (A) total cost weight and (B) the benefit-to-cost ratio of biomass, biogas, LPG and electricity
to the fraction of indirect cost and direct cost in total cost
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indirect cost in order for biogas, LPG and electricity to overtake biomass as rural India’s preferred
fuel. Figure 7-5 presents the results from sensitivity analysis in which the fraction of indirect cost
in total cost is varied from zero to one. Results showed that only the total cost weight of biomass
increased with the increasing importance of indirect cost because biomass is much more polluting
compared to biogas, LPG and electricity (Figure 7-5A). In the current scenario (base case),
environmental externalities were dominated by the direct costs. It is only when the indirect cost
makes up between 60 and 80% of total cost that the total cost weight of biogas, LPG and electricity
break even and drop below total cost weight of biomass. Since only the weights associated with
total cost were altered, the benefit-to-cost ratio trends (Figure 7-5B) were simply the inverse to
cost weight trends. This indicates that if environmental externalities are accounted for in the
indirect costs of the fuels, then it is possible that these fuels will be preferred to biomass. Such
transitions are also limited by the purchasing power of the households. Any marked-based
approach to incentivize the transition from solid fuels to the cleaner alternatives in this particular
scenario is infeasible because there is no scope to incorporate indirect cost for non-commercial
solid fuels. Moreover, market-based approaches in such scenarios fail to account for a range of
critical factors such as social and cultural structure, education and awareness. Therefore,
progressive policies, more than merely providing subsidies, would be required. Changing users’
perceptions about their health and environment should be a key goal of any such policy. A costbenefit analysis of fuel-transitioning projects from the government’s perspective might show costs
outweighing the benefits in short term but potentially could produce long term benefits
outweighing the cost. It should also be highlighted that there is a lack of appropriate mechanism
and data to appreciate the indirect costs associated to the use of solid fuels and therefore,
discouraging any such policy.
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7.4.2 Traditional Vs Improved Cookstove (Case 2 & 3)
ICS have demonstrated significantly lower emissions and better efficiency compared to TCS [41,
42]. Due to the efforts of organizations such as the World Health Organization and the United
Nations to disseminate ICS (with and without subsidy), approximately 800 million of these stoves
are being used in different parts of the world [43, 44]. However, their continued use in long-term
remains problematic [45]. The effect of transitioning from TCS to ICS on fuel preference was
studied in an attempt to understand the low retention rate of ICS. A TCS (Case 2) and an ICS with
a subsidy (Case 3) was compared to the base case (Case 1 – ICS without subsidy). Case 3 was
considered to examine whether subsidizing the cost of ICS promotes their retention.
The total benefit weights for non-subsidized and subsidized ICS were kept the same, because
subsidies affect only total cost weights. Similarly, total cost weights were kept the same for TCS
and fully subsidized ICS. The change in the benefit-to-cost ratio of the solid fuels (biomass, dung
and charcoal) were of interest so that the effect of stove transitioning could be examined. Figure
7-6 presents the benefit-to-cost ratio of biomass, dung and charcoal for Cases 1-3. The benefit-tocost ratio of all three fuels decreased with the transition from TCS (Case 2) to non-subsidized ICS
(Case 1) indicating the likelihood of failure of such a transition. The total cost weights of the three
fuels were higher for ICS compared to TCS due to the higher capital and maintenance costs. More
interestingly, the total benefit weights of the three solid fuels were lower for ICS than for TCS.
This observation was somewhat counterintuitive as one expects an increase in the total benefit
weight of a fuel when the corresponding cooking system technology is improved. Though ICS are
more beneficial to users in terms of health and time savings, their maintenance in the absence of a
network of after sale services and repairs led to a reduction in the total benefit weights of the solid
fuels.
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A fully subsidized ICS (Case 3) elevated the benefit-to-cost ratio of the three solid fuels above that
of a non-subsidized ICS; but remained below that for a TCS. This indicates that the price of a
cookstove is not the only factor in the low adoption and retention rate of ICS. Household fuel
preference is dominated by benefits associated with the fuel and cooking system rather than by
benefits associated with health and time savings. Poor after sale services and the relatively low
robustness of ICS lead to its discontinued use. Results from this CBA model are in agreement
with the factors leading to the failure of ICS initiatives, as highlighted by Urmee and Gyamfi [46].
Thus, distributing free ICS alone will not be sufficient to ensure long-term stove transition. In
order to increase the benefit-to-cost ratio of solid fuels for ICS compared to TCS, focus should be
on factors other than the upfront cost of the ICS, such as more robust and user-friendly designs,
along with a network of after sale repairs. These results highlight the importance of further
development in cookstoves design and the need for long-term interventions in rural communities.

Figure 7-6: Effect of transition from traditional cookstoves (TCS) to improved cookstoves (ICS) (with and without
subsidy) on the benefit-to-cost ratio of solid fuels (biomass, dung and charcoal)
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7.4.3 Tools for Policymakers to Promote Transition to Cleaner Fuels
Subsidies have always been exploited by policymakers to promote the transition to cleaner fuels.
One such example is the promotion of LPG and electricity in Brazil to discourage deforestation
for fuel wood [47]. By 2002, 93% of rural households in Brazil were using LPG which was made
accessible and affordable with government subsidies. But the removal of these subsidies led to a
reduction in LPG consumption by 5.3% within a year [48]. In some cases, improving the supply
and accessibility of a target fuel promotes its adoption with a low level of subsidies or even without
any subsidy. Such an initiative was undertaken by the Indonesian Government in 2007. In this
case, the objective was to transition more than 50 million households from a subsidized fuel
(kerosene) to a non-subsidized fuel (LPG) [49]. This was achieved by increasing the LPG
production rate as well as developing the distribution network. Cases 4-10 were investigated to
understand the effect of subsidies and the improvements in supply and accessibility on the
prevalence of a given cooking fuel.

Blanket Subsidy on all Fuels and Associated Cooking Systems (Case 4-6)
A sensitivity analysis was performed to examine the effect of the relative importance of capital
cost and operational cost to direct cost. The operational cost (fuel) and capital cost (stove) were
assumed to be the only components of direct cost, given the much lower weight of maintenance
cost (Table 7-5). For the extreme case, where only the capital cost contributed to the direct cost
(i.e. indicative of a 100% subsidy on the operational cost i.e. cost of all commercial fuels), the
benefit-to-cost ratio of LPG (1.675) and electricity (1.623) were comparable to biomass (1.770)
(Figure 7-7). These zero operational cost weights explain the similarity in the benefit-to-cost ratios
of LPG, electricity and biomass as the cooking system required for these fuels have comparable
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capital costs. However, biogas ranked lower due to its significantly higher capital cost. This also
explains the steep increase in its benefit-to-cost ratio as the fraction of capital cost decreases. As
operational cost becomes more important, the benefit-to-cost ratio of biomass increases while
those of LPG and electricity decreases. This is because biomass was assumed to be free but
electricity and LPG were not. There was no scenario in which the benefit-to-cost ratio of LPG and
electricity exceeded that of biomass. This indicates that both capital and operational costs are not
the only factors affecting fuel preference and was highlighted by Mirza et al. [50] to explain why
the rural rich remain energy poor: purchasing power alone cannot ensure the adoption of cleaner
fuel. This issue will be further explored in the following sections, which focus on subsidies.

Figure 7-7: Sensitivity of the benefit-to-cost ratio of biomass, biogas, LPG and electricity to the fraction of operational
cost (fuel) and capital cost (cooking system) in direct cost
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The effect of blanket subsidies on all fuels and corresponding stoves were investigated (Case 4-6).
This did not alter the benefit weight of the fuels because subsidies only affected the factors in the

Figure 7-8: Variation in the benefit-to cost-ratio of the fuel alternatives with a blanket subsidy on the cooking systems
(capital cost), the fuels (operational cost) and, a combined blanket subsidy on both the fuels and the cooking systems

cost hierarchy map. An 80% subsidy was applied on the current (June 2014) market prices of fuels
and stoves in order to calculate the new cost weights. An 80% subsidy was selected to represent
the extreme case, and if it failed to shift fuel preference, there would be no point to consider any
lower level of subsidy. Results are presented in Figure 7-8. Even when an 80% subsidy was
applied to the capital costs of all fuels (Case 4), the benefit-to-cost ratio of biomass remained the
highest. Biogas demonstrated the highest increase in its benefit-to-cost ratio, because the capital
required to set up a biogas plant was the highest among all the fuel alternatives. Its benefit-to-cost
ratio post subsidy (1.245) was marginally higher than that of dung (1.134). This explains the low
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adoption rate of biogas even after the many initiatives to subsidize the capital cost of biogas plants
by the Government of India [24].
An 80% subsidy on the existing price of all commercial fuels (LPG, kerosene and electricity) was
assumed (Case 5) to examine the effect on fuel preference. This scenario may not be feasible to
implement, but was still considered to highlight the influence of fuel cost on a household’s fuel
preference. While the benefit-to-cost ratio of the other fuels were not able to exceed that of
biomass (1.447), applying an 80% subsidy on the cost of fuel significantly increased the benefitto-cost ratio of electricity to a close second (1.416). Although the benefit-to-cost ratio of LPG
(1.235) increased, it remained below electricity due to the lower total benefit weight and higher
total cost weight of LPG. A subsidy on all fuels failed to shift the fuel preference from biomass
to the cleaner alternatives.
Both the one-time investment required to change the cooking system as well as fuel costs are
critical for a household’s decision to switch cooking fuel, and for its continued use. Finally, the
combined effects of an 80% subsidy on both capital and operational costs were examined (Case
6). The benefit-to-cost ratio of biomass remained the highest and no significant improvements
were observed for other fuels. Since the changes in cost were uniform for all fuels (blanket
subsidy), total cost weights were relatively insensitive to the subsidies due to the nature of AHP.
But the results do indicate that subsidizing a single fuel would be more effective than a blanket
subsidy on all fuels. The next section examines subsidies on LPG (both fuel and stove) as a tool
to promote fuel switching among rural households.

Subsidy on LPG and LPG Stove (Case 7-9)
Of the cleaner cooking fuels (LPG, electricity and biogas), LPG is the most used cooking fuel in
rural India [2]. A subsidy on LPG and LPG stoves would increase their affordability among rural
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Figure 7-9: Variations in the benefit-to-cost ratio of solid fuels (biomass, dung and charcoal) and LPG with (A) the
different levels of subsidy (Case 7A, 7B & 7C) on the LPG stove, (B) different levels of subsidy on LPG (Case 8A &
8B); and (C) combined subsidies on both LPG and LPG stove (Case 9A & 9B)stove (Case 9A & 9B)

households as observed in Brazil [48]. Currently, India offers a blanket subsidy on LPG cylinders.
However, long-term subsidies in a highly populated country like India might not be a financially
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sustainable solution. The Government of India has recently put a cap on the number of subsidized
LPG cylinders per family [25]. Also, the LPG subsidy is mostly exploited by the urban rich and
fails to cater the targeted sections of rural and urban poor [51]. This could be attributed to the
failure of the government to regulate the subsidies based on a consumer’s income. Introducing an
income-based differential subsidy system might serve as a solution. Moreover, the sensitivity of
a rural household’s preference for subsidized LPG needs to be understood further. Different levels
of subsidies on LPG (Case 7), LPG stove (Case 8) and both LPG fuel and stove (Case 9) were
investigated. The aim was to examine whether subsidies alone would be enough to shift fuel
preference to LPG.
First, the effects of applying a 60% (Case 7A), 80% (Case 7B) and 100 % (Case 7C) subsidy on
LPG stoves were analysed. The nature of AHP is such that the results obtained for the different
level of subsidies might not reflect the exact change in fuel preference order but it does demonstrate
the sensitivity of fuel preferences to changing subsidies. Results are presented in Figure 7-9A and
show that even with a 100% subsidy on LPG stoves (Case 7C), there is an insignificant increase
in the benefit-to-cost ratio of LPG (1.077) compared to the base case (0.925). Neither did applying
the highest level of subsidy increase the benefit-to-cost ratio of LPG (1.077) to a level higher than
that of dung (1.098) and biomass (1.503). While stove (capital) cost plays a critical role in
affordability, subsidies were not able to compensate for the high cost of LPG (operational). Next,
Case 8A and Case 8B examined the change in fuel preference from a 30% and 60% subsidy.
Higher subsidy levels were not considered as even a 60% subsidy on already subsidised LPG is
not a sustainable solution. With a 60% subsidy (Case 8B) on LPG, the benefit-to-cost ratio of
LPG (1.471) was still lower than biomass (1.885) but higher than dung (1.367). Results indicate
that only the fuel preference of the 10.9 % of rural households using dung [2] can be influenced
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by a 60% subsidy on LPG. A subsidy higher than 60%, though impractical from a financial
perspective, would be required to shift the preference from biomass to LPG. Also, the benefit-tocost ratio of LPG was more sensitive to a fuel subsidy (Figure 7-9B) compared to a subsidy on
LPG stoves (Figure 7-9A) which is not surprising given that a continuous subsidy on a fuel is more
effective than a one-time subsidy on a cooking system.
Finally, because individual subsidies on LPG and LPG stoves failed to shift the fuel preference, a
combined subsidy on both (Case 9A & 9B) was examined. As expected, the benefit-to-cost ratio
of LPG showed more sensitivity (Figure 7-9C) to the combined subsidies compared to the
individual subsidies (Figure 7-9A & 7-9B). With a one-time subsidy of 80% on a LPG stove
combined with the subsidy of 60% on LPG fuel (Case 9B), the benefit-to-cost ratio of LPG (1.779)
surpassed biomass (1.697). But as mentioned previously, while a one-time subsidy on a stove is
feasible, such high levels of subsidy on fuel are not sustainable in the long-term for a highly
populated country like India. Results obtained clearly indicate that prices are not the only obstacle
preventing households from switching to LPG. Approximately 11.4% of households in rural India
use LPG [2] but only 1.3% get LPG through the distribution networks set up by the government
and private distributors [1]. This indicates that there is a significant fraction of rural households
with purchasing power whose fuel choice is limited by supply and accessibility. As discussed in
previous sections, this reiterates the need to focus on developing the infrastructure for production
and distribution of a fuel to promote its use. Such development would benefit not only LPG, but
other commercial fuels, as an improved supply and distribution network would help cater to the
rural population with purchasing power. Moreover, an improved distribution network in tandem
with subsidies might be an ideal solution for policymakers to serve financially weaker sections of
society. To further elaborate on this, the effect of improved supply and accessibility of LPG and
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electricity on a household’s fuel preference were examined and the results are discussed in the next
section.

Development of Supply and Distribution Network (Case 10)
Other influencing factors such as distribution networks and uninterrupted supply of the fuel should
be addressed in addition to subsidies. This also applies for any advanced cooking system or
technology. In Section 3.2, a transition from TCS ratios of solid fuels (biomass, dung and
charcoal), which explained the low retention rates of ICS. The selection of cooking fuels and
associated technologies is a multidimensional process and thus requires simultaneous development
on multiple fronts to ensure their adoption.
Supply and accessibility of fuel was among the most critical factors contributing to total benefit
weights of the fuel alternatives (Table 7-6). Scenarios where the supply and accessibility of LPG
(Case 10A) and electricity (Case 10B) was assumed to be on par with biomass were examined.
Figure 7-10A demonstrates the sensitivity of weights of benefits associated with the fuel for
biomass, dung, LPG and electricity to their supply reliability and ease of accessibility. In the base
case (Case 1), the weights of LPG (0.046) and electricity (0.129) were lower than that of biomass
(0.246) and dung (0.179). Equating the supply and accessibility weights of LPG and biomass
(Case 10A) increased the weight of LPG (0.138) but it still remained lower than that of biomass
(0.218). This is because biomass ranked higher than LPG for all the sub-criteria of benefits
associated with the fuel other than supply and accessibility. For electricity (Case 10B), applying
the same methodology elevated its weight (0.277) above that of biomass (0.217) for the criteria
benefits associated with the fuel making it rank ahead of biomass in all of the three criteria of total
benefit.
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Figure 7-10: Sensitivity of (A) benefit associated with the fuel weights, (B) total benefit weights and (C) the benefitto-cost ratio of biomass, dung, LPG and electricity to supply and accessibility of LPG (Case 10A) and electricity (Case
10B)

In the base case, total benefit weights (Figure 7-10B) for LPG and electricity were higher than for
biomass and dung, and this was further enhanced when improvements to supply and accessibility
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were made. The final objective was to investigate the effect of improved supply and accessibility
on a fuel’s benefit-to-cost ratio. Although LPG and electricity failed to overtake benefit-to-cost
ratio of biomass in Case 10A and 10B respectively, their benefit-to-cost ratio was comparable to
dung which is currently the second most popular solid fuel in rural India (Figure 7-10C). This was
because of the higher benefit weight and lower indirect cost weight of biomass compared to dung.
These results highlight that it is possible for some cleaner fuel alternatives, for example LPG and
electricity, to be as attractive as dung even without a subsidy. But both LPG and electricity failed
to surpass the benefit-to-cost ratio of biomass even with subsidies or improvements to supply and
accessibility.

However, by applying subsidies along with developing the infrastructure for

production, supply and distribution, LPG and electricity could become a real contender.

7.5 Conclusions
This work was an attempt to model and understand the factors and complexities that would
influence a change in the cooking fuel preferences of a rural Indian household. A novel application
of CBA using AHP was used to rank seven cooking fuels (biomass, dung, charcoal, LPG, biogas,
kerosene and electricity) in order of a household’s preference. Factors governing fuel selection
were identified and categorized in hierarchal maps as either total cost or total benefit. Total cost
weights of the fuel alternatives demonstrated better agreement with the actual fuel usage pattern
of rural India, compared to total benefit weights. However, the benefit-to-cost ratio exhibited the
strongest agreement, indicating benefits also play a role in the fuel selection process even if not as
significant as cost, and thus was used as a metric of fuel preference. Biomass demonstrated the
highest benefit-to-cost ratio and is also the most used fuel in rural India. Sensitivity analysis
indicated that the benefit-to-cost ratios of LPG, electricity and biogas could surpass that of biomass
if environmental externalities (indirect costs) and health benefits are accounted for. This can be
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achieved through education, awareness and appropriate policy frameworks. Multiple factors such
as cost and supply and accessibility were found to be responsible for popularity of solid fuels.
Effects of factors such as ICS technology and subsidized fuel on fuel preference were investigated.
A transition from TCS to non-subsidized and subsidized ICS decreased the benefit-to-cost ratio of
biomass, dung and charcoal, which may explain the low success rates of ICS initiatives and
indicates that price is not the only determinant for the adoption of an ICS. Results indicated that
user awareness, cookstove robustness and after-sales repair networks play a key role in a user’s
decision-making process and should be factored in the future for improved cookstove
dissemination strategies.
The CBA model was also used to demonstrate the utility of subsidies as a tool for any policy
framework focusing on fuel transition. Results indicated that providing high subsidies on both the
fuel and the cooking system can make cleaner fuels such as LPG and electricity as attractive as
solid fuels (biomass and dung). Also, subsidy on a single fuel or cooking system was more
effective in promoting that fuel than giving a blanket subsidy on all fuels and cooking systems.
However, to ensure its retention, simultaneous efforts to improve the distribution networks and
infrastructure must also be made to ensure an accessible and an uninterrupted supply.
The results obtained in this study demonstrated the critical features governing fuel selection and
how these may be manipulated to encourage adoption of cleaner fuels and cooking technologies.
Though this work focused on rural India, this model could be easily translated to both the rural
and urban populations of other countries with only minor modifications to suit the demographics,
geography, market conditions and policies of that country.
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Chapter 8
Is India Ready to Eradicate Energy Poverty
Starting with Clean Cooking? : A Critical
Analysis of Supply, Demand, and Relevant
Policies
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8.1 Abstract
Eradicating energy poverty by 2030 is one of the United Nations’ Sustainable Development Goals.
Worldwide, one in three, or 2.7 billion people, use solid fuels such as biomass and coal, an
indicator of energy poverty. The adverse environmental and health-related impacts of emissions
from residential combustion of these solid fuels have propelled the urgency for making cleaner
fuel alternatives accessible to everyone. This requires farsighted policies with realistic goals based
on a comprehensive understanding of energy poverty. More than a quarter of the world’s solid fuel
users live in India. As such, studying the current energy portfolio of India as well as the cleaner
energy alternatives, provides an opportunity to improve the lives of millions of people. Based on
the current state of technology, as well as market prices and emission inventories, potential
candidates to replace solid fuel use are liquefied petroleum gas (LPG), piped natural gas (PNG),
biogas, and electricity. The present study examines these cleaner fuel alternatives based on the
analysis of supply-and-demand in India. It also assesses the long-term implications of fuelswitching. Current policies adopted by the Indian government for promoting cleaner cooking are
also analyzed to gauge their feasibility and appraise government priorities. While LPG is currently
the most widely adopted clean cooking fuel in India, historical LPG data and future projections
fail to support the sustained use of LPG on the scale being actively promoted by the government.
In India, clean cooking energy is expected to be a mixed bag for the foreseeable future, and
electricity seems to be the most promising sustainable option in regards to energy security, zero
emissions at user end, higher efficiency, and flexibility to produce it from renewable resources.
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8.2 Introduction
While more than half of the world’s population has access to clean cooking fuels such as natural
gas, liquefied petroleum gas (LPG), and electricity, almost 2.7 billion people still rely on solid
fuels such as biomass, dung cakes, and charcoal burned in mostly inefficient stoves for cooking
and heating [1]. These fuels and cookstoves emit a range of products of incomplete combustion,
such as particulate matter (PM) and carbon monoxide (CO) [2-4], adversely impacting both the
environment [5-7] and human health by both direct and indirect exposure [8-11].
By adopting cleaner cooking alternatives, the deterioration of both the environment and human
health could be significantly curtailed. However, any alternative faces a range of socioeconomic,
cultural, and region-specific challenges and encounters multiple constraints, such as accessibility,
affordability, and supply reliability. A large fraction of the population affected by household air
pollution (HAP) arising from solid fuel combustion live in China (22 %) and India (28 %), and
each nation accounts for a million deaths every year attributed to HAP [12]. Since both China and
India are emerging economies, they are better positioned than many other countries to address
HAP by providing cleaner fuel alternatives. Moreover, any such initiatives by just these two
countries would have positive impacts globally, as they together account for half of the estimated
2.7 billion people using solid fuels.
Improved cookstoves (ICS) are being widely explored as an option for households to burn solid
fuels more efficiently. Efforts to develop and disseminate efficient ICS are ongoing [13-15].
Current ICS have demonstrated (1) fuel savings due to improved thermal efficiency from improved
heat transfer [16, 17], and (2) reduced emissions compared to traditional cookstoves at least in a
laboratory setting [3, 18, 19]. But their emission levels are still much higher than desired. The
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exposure-response curve is non-linear for health effects due to PM2.5 exposure, and most changes
in health effects occur at lower concentrations, resembling ambient levels [20]. Although more
research for exposure-response curve focusing on HAP is required, it can be said that a multifold
reduction in emission levels from ICS is required to achieve any significant positive impact on
human health. Such low levels of emissions from residential solid fuel combustion are not
achievable with any ICS available to date, and it seems to be very difficult to achieve this goal
without compromising with multiple factors such as ease of use and affordability. Apart from the
technological challenges associated with ICS, their adoption and sustained use statistics are also
not encouraging. Global efforts are being made to disseminate different types of ICS across many
countries, but such initiatives have suffered from low adoption rates and non-sustained use of ICS
[14, 21, 22]. Previous chapter demonstrated a cost-benefit analysis model describing how
different factors such as cost, ease of use, and maintenance lead to the low adoption and retention
rate of ICS [23]. Evidences such as dose response curve [20], the low adoption of ICS [14, 21, 22],
impact on global climate [24, 25], deforestation due to unsustainable use of firewood [26, 27], and
socio-economic drawbacks such as women’s safety and human comfort associated with solid fuel
combustion [28] indicate that switching to cleaner fuels is a more promising long-term goal than
promoting ICS use. In other words, the key for the clean cooking is the fuel, not the stove.
The present study seeks to provide a big picture of the present and possible future of clean cooking
options in India, where less than a third of the population has access to clean cooking fuels [29].
Figure 8-1 combines a typical energy ladder diagram with the cooking fuel portfolio of India.
While 67.2 % (166 million) of Indian households use solid fuels (firewood, cow dung cakes, crop
residue, coal, lignite, and charcoal), only 29 % (71 million) households have access to clean
cooking fuels (LPG or piped natural gas, PNG). There is a drastic difference between the rural and
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urban cooking energy portfolios, indicated by the high fraction of urban households using LPG or
PNG and the large fraction of rural households using solid fuels.

Figure 8-1: Energy ladder for Indian households with the national percentage of households using various fuels. The
fuel usage data is also divided between rural and urban usage. Data is imported from India Census 2011 [29]. LPG,
liquefied petroleum gas; PNG, piped natural gas.

Before implementing any program to promote adoption of cleaner cooking fuels or stoves, the first
step is to understand the complex process of fuel selection by a household. Our previous work
used a cost-benefit analysis model for Indian households to understand what factors govern a
household’s fuel and stove choice and how these factors can be manipulated to shift a household’s
fuel preference from dirty fuels (solid fuels) to cleaner cooking fuel alternatives such as LPG and
electricity [23]. A household’s fuel choice is dependent on a complex interplay of multiple factors,
such as price, accessibility, and supply reliability, which further depend on resource availability,
distribution networks, subsidies, and government policies, all of which form a feedback loop.
Therefore, it is important to analyze the dissemination of cleaner cooking fuels from the
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perspectives of both (1) the user, as was done in our previous work [23], and (2) the policymakers
or government, which is the focus of this work.
All cleaner cooking fuel alternatives selected from the current cooking energy portfolio were first
identified based on a cost and emission analysis. Then, a feasibility analysis was performed for
these fuels, based on a quantitative analysis of supply and demand. Multiple government policies
and schemes for promoting clean cooking energy options were critically reviewed. Finally, this
work considered the implications of clean cooking energy on policymakers and governments
regarding factors such as subsidies, energy security, and infrastructure.

8.3 Carbon cycle and cost analysis of the fuel alternatives
Two key factors should drive the selection of cleaner fuel alternatives: cost, and the environmental
and health impacts of emissions. The following sections present a cost and emission analysis for
the potential cleaner fuel alternatives for India, along with the current solid fuels.

8.3.1 Cost analysis of the fuel alternative
Table 8-1: Different costs (capital, operation, and per meal) associated with cooking fuels being used in India, i.e.,
LPG, PNG, electricity, kerosene, biogas, and solid fuels (firewood, crop residue, coal, dung, and charcoal). The
cost analysis is based on pre-subsidy costs. Data sources: [23, 32, 34, 55, 56, 74]
Cost per meal
Average cost
Stove
Fuel/Operational
Capital
Lifetime
accounting for
per meal over
Fuel
Efficiency
Cost (cents/MJ
Cost ($)1
(years)
operational cost
the lifetime
(%)
energy content)1
only (cents)2
(cents)3
LPG
35.70
15
60
1.42
23.64
23.97
PNG
35.70
15
60
0.97
16.19
16.51
Electricity
42.85
12
84
1.794
21.26
21.75
Kerosene
5.71
7
35
1.76
50.39
50.50
Biogas5
182.86
15
55
0.00
0.00
1.67
Solid fuels6 a)
29.58
5
20
0.00
0.00
0.81
b)
29.58
5
20
0.19
9.52
10.33
c)
1.00
5
10
0.00
0.00
0.03
d)
1.00
5
10
0.19
19.05
19.08
1

all cost data is converted to USD with an exchange rate of INR 70 per USD; 2calculated based on 10MJ per meal per household after
accounting for stove efficiency; 3assuming two meals per day; 4average cost of electricity; 5estimates based on 1 m3 capacity; 6average price of
a forced draft gasifier improved cookstove, and tradition stoves price ranges from 0 to $1;

245

Large-scale fuel adoption requires affordable fuel options. The cost analysis presented in this work
is based on the market price of the fuels. The indirect costs regarding the environment and health,
which do not significantly affect a household’s fuel preference [23], are not included. In Table 81, firewood, crop residue, dung, coal, lignite, and charcoal have been combined as “solid fuels”.
Government subsidies for the commercial cooking fuels (LPG, PNG, kerosene, and electricity)
have not been considered. More details on the subsidies, along with their implications for fuel
adoption and the government budget, are discussed in Section 3. The cost of commercial fuels
varies by region due to different tax structures and costs of transportation from the production
facility. Moreover, the electricity price within the same region varies inversely with the monthly
usage, to incentivize reduced consumption of electricity. Therefore, for the cost analysis, a national
average of the pre-subsidized prices of these fuels was used.
In the case of electricity, induction stoves were considered owing to their higher efficiency
compared to typical coil type electric stoves [30, 31]. For biogas, capital cost is based on 1 m3
capacity, and dung is assumed to be available for free. Two types of stoves (improved and
traditional) were considered for the cost analysis of the solid fuels. In urban areas, 26% of
households (20.6 million households) use solid fuels (Figure 8-1) [29], which are not readily
available for free. Therefore, analysis incorporated scenarios for solid fuels obtained for free, and
at a cost (cases a-d).
Table 8-1 presents the fuel or operational cost, calculated by normalizing the market price of the
fuel by its energy content, and the cost per meal. The cost per meal is based on useful energy
obtained by adjusting the operational cost for the efficiency of the stove. The highest stove
efficiency (energy used for cooking/energy released during combustion), based on commercially
available stoves, is 84% (electric induction stoves), followed by 60% (both PNG and LPG) and
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55% (biogas) [32]. Solid fuel stoves demonstrate the lowest efficiency, which varies with stove
and fuel type [33]. An average efficiency of 10% for traditional stoves and 20% for ICS were used.
Among the commercial fuels (LPG, PNG, kerosene, and electricity), the fuel or operational costs
(Table 8-1) are the lowest and highest for PNG (0.97/MJ) and kerosene (1.79 cents/MJ),
respectively. Electricity cost is a close second at 1.76 cents/MJ. As mentioned previously, the price
of both kerosene and electricity vary regionally, and there might be regions in India where
electricity is costlier then kerosene. Due to the difference in stove efficiency (35% for kerosene
and 84% for electricity), the cost per meal for kerosene (50.39 cents/meal) is more than double
that of electricity (21.26 cents/meal), making electricity a much cheaper fuel than kerosene, even
after accounting for the price variations over the country. It should be highlighted here that
kerosene for residential use is available only through public distribution systems (PDS), with a
subsidy which could be as high as 50% [34]. Even if the subsidies are included, the cost per meal
for electricity remains lower than that for kerosene, highlighting the importance of stove
efficiency. It was the high cost of kerosene subsidies and the lower efficiency of kerosene stoves
that motivated the Indonesian government to promote the transition from kerosene to LPG [35,
36].
Because similar stoves are used for both LPG and PNG, it is the higher fuel cost that is responsible
for the higher per meal cost associated with LPG. Accounting for the current level of subsidies for
LPG reduces the gap between the cost per meal of the two fuels. A detailed analysis of LPG and
PNG, which are considered the top contenders for cleaner cooking fuel alternatives in India, is
provided in the following sections. For biogas (from dung) and solid fuels (Figure 8-1, cases a and
c), the cost per meal is zero because these fuels are essentially free. Even though ICS consume
much less fuel than traditional cookstoves to cook the same meal, the free availability of solid fuels
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is one of the many reasons for their low adoption and retention rates [22, 23]. But in many urban
areas and arid zones, solid fuels need to be purchased, thus fuel savings could be the incentive for
the adoption of ICS. The cost per meal discussed so far factored only the fuel and operational costs
of the stove. Next, the average cost per meal, obtained by calculating the capital costs over the
lifetime of the cooking system, is also presented in Table 8-1. Factoring in the capital costs over
the lifetime of the cooking system did not significantly increase the cost per meal for LPG, PNG,
electricity, and kerosene, due to the long lifetime of the cooking system, the low capital costs, or
both.

8.3.2 Carbon footprint of the fuel alternatives
While the health impacts largely arise from the first-hand exposure to high concentrations of
pollutants during cooking, the environmental impacts are a little more complex involving both user
end emissions and emissions during the life cycle of the fuel, from its origin to its combustion.
Since the driving force of most policies is to protect human health, this section focusses on enduse emissions that cause HAP. Moreover, the majority of the greenhouse gas (GHG) emissions
from the fuels considered are emitted during combustion (cooking) [37, 38].
Among the households using solid fuels in India, 98% use biomass, crop residue, or dung; all of
which are considered renewable and carbon neutral. The carbon neutrality, in terms of CO2, would
hold only if all the carbon content of the fuel is completely oxidized during combustion. But
depending on the cookstove type, a fraction of the carbon content of the fuel, which could be higher
than 20 % [33], could be released as partially oxidized carbon-containing species, such as black
carbon and CO. Emissions from residential solid fuel combustion and their negative impacts have
been investigated in detail in various studies [33, 39-42]. Therefore, although a quantitative
discussion is not presented in this work, it can be confidently asserted that the emissions at the user
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end, and therefore personal exposure, are highest for the solid fuels among the cooking fuels
included in this study.
Kerosene, lying in middle of the energy ladder (Figure 8-1), burns cleaner than any solid fuel. But
as a product of crude oil refining, kerosene is not carbon neutral, and contributes to GHG
emissions. Moreover, kerosene, when used for either cooking or lighting, emits BC, volatile
organic compounds (VOCs), and polycyclic aromatic hydrocarbons (PAHs) that negatively impact
human health [43-45]. Compared to an LPG stove, a kerosene stove emits 20 times more BC and
6 times more organic carbon (OC) [46].
The three gaseous fuels (LPG, PNG, and biogas) are very similar in terms of their combustion and
emission characteristics. Biogas, being a derivative of dung, can be carbon neutral in terms of CO2,
whereas LPG and PNG are not. Therefore, any increases in use of PNG and LPG would contribute
to global warming by adding CO2 to the environment. While biogas, LPG, and PNG tend to emit
the lowest end-use pollutant concentrations of all the commercial cooking fuels, bar electricity,
multiple life-cycle assessments have reported biogas to be the most environmentally friendly of
the fuel, as well as being a renewable source [37, 47].
The end-use emissions of electric induction stoves are the easiest to assess because there are not
any. However, at the source of electricity generation it’s a different story, and emissions vary
greatly due to the range of resources from which electricity is produced. Electricity can be
produced from either renewable resources, such as wind, solar, and hydro power, or non-renewable
resources, such as coal and natural gas. Due to the mostly centralized electricity generation and
grid-based distribution in India, electricity used for cooking cannot be attributed to any specific
source, and thus emissions from electricity specifically used for cooking cannot be calculated in

249

the same way as for the other cooking fuel alternatives. In such a scenario, a metric called
‘aggregate carbon intensity (ACI)’ proposed by Ang et al. [48] is appropriate to use. It is defined
as all energy-related CO2 emissions from fossil fuels for electricity generation normalized by the
total electricity produced. So, the ACI will always be between 0 kg CO2/kWh for 100% renewables
to 1.7 kg CO2/kWh for 100% coal (with 20% efficiency). As reported by Ang et al. [48], the ACI
of India in 2013 was 0.7927 kg CO2/kWh, just 4.75% lower than the ACI in 1990 (0.8322 kg
CO2/kWh), mainly due to improvements in thermal efficiency. Also, for comparison, China
reduced its ACI by 23.96% (0.9095 kg CO2/kWh in 1990 to 0.6916 kg CO2/kWh to 2013).

8.4 Cooking fuels: resource availability, demand, and policies
This section analyses the non-solid fuels constituents of the cooking energy portfolio in India, with
focus on their supply (current production and imports), and growth rate. Government priorities,
made evident in current policies are also discussed.

8.4.1 Kerosene
Kerosene is one of the many distillates of crude oil, positioned above the solid fuels but below
LPG, PNG, electricity, and biogas in the energy ladder (Figure 8-1). Only 3% of Indian households
rely on kerosene for cooking, and 80% of these households are in urban areas [29]. In fact,
kerosene is more widely used for lighting (31.4% of total households) [29], mainly in rural areas
as urban areas tend to have better access to electricity. Compared to a kerosene cooking stove,
kerosene burned in wick lamps for lighting emit 150 times higher PM2.5 (with a high amount of
black carbon), causing health issues and contributing to global warming [43, 44, 46].
As demonstrated in Section 2, both the cost of kerosene and associated emissions are higher
than for all other commercial fuels (LPG, PNG, and electricity). Kerosene is a product of crude
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oil, most of which is imported, and heavily subsidized by the government. Moreover, the low
efficiency of kerosene stoves (Table 8-1) requires more fuel energy than for cooking the same
meal with other commercial fuels.

Figure 8-2: The fuel amount required (energy) and cost of fuel, based on the current (2017) pre-subsidy
market price of kerosene, LPG, PNG and electricity. This figure demonstrates the energy content of each
fuel i.e. the amount of fuel multiplied its calorific value that would is required to provide cooking energy
for (1) all Indian households, (2) only those households currently using solid fuels.

Figure 8-2 presents the required amount of a fuel (kerosene, LPG, PNG, electricity) in terms of its
energy content and associated costs, for two scenarios: (1) if all households were supplied these
given fuels for cooking, and (2) if only those households currently using solid fuels were supplied
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the fuel alterative. Both the amount of fuel required and its associated costs were highest for
kerosene for both cases (Case K1 and Case K2). It should be noted that all cost data presented in
Figure 8-2 is without any subsidy, which can be as high as 40-50% for kerosene [34]. Moreover,
if kerosene were to be provided to the entire population, it would increase India’s CO2 emissions
by 25%, adding around 440 million metric tons of CO2 every year. This analysis does not advocate
kerosene as a realistic option for providing a cleaner cooking fuel to the Indian population, a
perspective which is also reflected by government data which shows a steady decline in kerosene
sales in recent years. For this reason, kerosene is omitted from further discussion.

8.4.2 Liquefied petroleum gas (LPG)
Multiple countries, including India, are promoting LPG to replace solid fuels and kerosene.
Subsidies, a common tool used by policymakers, have been used in different ways to promote LPG
for cooking. The Brazilian Government promoted the adoption of LPG through subsidies, in order
to reduce the deforestation caused by the gathering of fuel wood [49], whereas the Indonesian
government reduced subsidies on kerosene in order to promote LPG adoption and save money[35,
36]. When it comes to increasing LPG adoption in India, subsidy appears to be the most promising
instrument, because a lack of purchasing power is perceived as the most common deterrent in
transitioning from solid fuels to LPG. Nevertheless, studies have shown that other factors, such as
improved fuel accessibility and a reliable supply, are critical too, and sometimes more effective
than subsidies [23, 50]. Even though the fraction of LPG in the cooking energy portfolio is
increasing in India, the increase in fuel stacking in households using LPG [51] indicates a shortage
of LPG supply.
LPG consumption has increased in India, particularly in recent years (Figure 8-3). But the LPG
production capacities have not kept pace with the consumption, and this shortfall has been met by
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increasing LPG imports. This will be discussed quantitatively using available data from 2011, for
which national cooking energy portfolio data are available. In 2011, only 28.5% of Indian
households reported using LPG for cooking. In the same year, LPG production (from domestic
crude oil refineries) and imports accounted for 62.2 % and 37.8 % respectively of the total LPG
consumption. But in the same year, India imported 82.3 % of the crude oil from which LPG is
produced [34]. After accounting for the crude oil imports, 88.3 % of the total LPG consumed in
India was either imported or produced from imported crude oil, and this percentage can be
expected to increase as more and more households switch to LPG. One option to lower the
dependence on imports is to increase LPG production without increasing crude oil imports, by
lowering the production of middle distillates. However, this will reduce the profit margins of oil
companies, since the middle distillates have higher market values and lower subsidies.

Figure 8-3: Growth of LPG production, consumption, imports, and accessibility (number of LPG connections) in India
from 1990 to 2015. Data sources: [34]
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LPG customers in India are eligible for subsidies if their income is below a threshold set by the
government [34], and a major fraction of households not yet using LPG have income below that
threshold. This situation could not only lead to a huge governmental financial burden, on the order
of tens of billions USD annually, but also pose an energy security risk. The highly dynamic nature
of crude oil prices could make it very challenging for the government to regulate the price of LPG
to ensure uninterrupted accessibility to the low-income households which are among the most
susceptible to price changes. Also, any increase in LPG consumption must be matched by
increased production/imports and additions to the distribution network, both of which will require
significant investment in terms of infrastructure, further adding to the government’s bill.
Figure 8-2 presents the amount of LPG (in terms of its energy content) that would be required to
replace solid fuels, and its total pre-subsidized market price. If all households currently cooking
with solid fuels were to be provided with LPG (Case LPG2), the LPG supply would need to be
increased by 230 %. Table 8-2 summarizes the supply and demand for LPG, natural gas, electricity,
and biogas. The average growth rate over the last five years is used to predict how long it would
take to increase the consumption level of a fuel by an amount required to ensure that every
household presently using solid fuels could transition to that fuel. The assumptions that every
additional unit produced is utilized exclusively for cooking, and that no population growth occurs
make Table 8-2 oversimplified, but if the fuel supply growth rates remain constant, the data
presented correspond to the best-case scenario under these assumptions. For LPG (Table 8-2), it
would take at least 18 years to reach the level where all solid fuel users could potentially access
LPG for cooking. Moreover, replacing solid fuels with LPG will annually add 200 million Metric
tons of CO2 to the environment, an increase of 12% on the current CO2 emissions of India.
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Table 8-2: Time duration calculations for replacing solid fuels with different cleaner fuel alternatives
based on their current growth rates. MMT, million metric tons; BCM, billion cubic meters; BU, billion
units or billion kWh
Current annual
Annual requirement
Years needed to
Average annual
Fuel
consumption / generation for all households
reach the required
3
growth rate
/ installed capacity1
using solid fuels2
capacity4
LPG
19.04 MMT
43.77 MMT
6.91 %
18
Natural gas 84.46 BCM
50.80 BCM
-2.35 %
Electricity5 1107.82 BU
400.40 BU
6.34 %
5
Biogas
4.75 million plants
165.9 million plants 0.1 million plants 1612
1for

all sectors (not only for cooking) in the case of LPG, natural gas, and electricity in the year 2015-16;
on the calculation in Table 8-1 and Figure 8-2;
3
average of annual growth rates for at least last 5 years;
4years to add the the amount required to transition all households using solid fuels to the concerned fuel at the same
growth rate;
5calculation does not include transmission and distribution losses
2based

From the policy perspective, the government of India started Pradhan Mantri Ujjawala Yojana
(PMUY), which translates to Prime Minister’s Bright Scheme, in May 2016. The target of the
PMUY is to provide, in the next 3 years, LPG connections to 50 million households categorized
as below the poverty line (BPL), the poorest households in the country. This is the first-ever
scheme by government of India on this scale specifically targeting HAP for the welfare of women
and children. By December 2016, almost 19 million households had been provided with a new
LPG connection under the PMUY [34]. It is important to understand what an LPG connection in
India is. A household that has opened an account with one of the LPG cylinder distribution centers
serving their address is considered to have an LPG connection. The government is helping the
targeted 50 million BPL households by facilitating the account opening process and giving a
subsidy of INR 1600 (approximately $20.6) towards the initial purchase, which for a new customer
will buy an LPG stove, a gas regulator, and an LPG cylinder. Once this process is done, the
household is considered to have access to LPG for any record keeping purposes, even if that
household never buys the second LPG cylinder and switches back to burning solid fuels. A
consequence of such practices is that even though government records show 136.5 million LPG
connections in the year 2011 (Figure 8-3), only 70.4 million households reported using LPG for
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cooking regularly in the national survey conducted in the same year. This highlights an important
omission by the policymakers, who failed to incorporate measures to ensure that these households
continue to use LPG, especially in the PMUY. The BPL or even the low-income households cannot
afford to buy even subsidized LPG. Though the PMUY will result in a record increase in the
number of households with LPG access (or connection) on government records, it is highly
unlikely for this program to have any significant impact on reducing energy poverty.
Another serious concern is the resource availability to realize the targets of the PMUY. Analyzing
the demand side of the PMUY in detail, and making a comparison with historical LPG statistics,
presents a very bleak picture. Starting from 1947, it took more than 60 years to provide a regular
supply of LPG to 70.4 million households, and the current government intends to add 50 million
more households with LPG access in just 3 years. This will require ramping up the LPG supply by
71 % in just three years, which is an enormous task given the average annual growth rate over the
last five years was 6.91% (Table 8-2). The government has not yet presented any plan for how
they will provide the additional LPG production capabilities (which have not increased in the last
two years) or LPG imports over the current average growth rate, giving an impression that this
scheme is more populistic than realistic. Moreover, not all LPG consumed in India is used for
cooking. In 2016-17, 88% of the total LPG went to the domestic cooking sector, and the remaining
12% was consumed in other non-domestic sectors which have been increasing steadily in the last
few years.
Also, Indian policymakers should learn from other similar initiatives around the world and adapt
accordingly. Andadari et al. [35] conducted a household survey across urban, suburban, and rural
regions of Indonesia and observed that the kerosene-to-LPG transition program, in addition to the
use of LPG, also increased the prevalence of fuel stacking, with a small increase in the use of
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electricity and biomass. Moreover, the number of energy-poor people remained unchanged after
the implementation of the LPG program, and medium- and high-income suburban households were
found to benefit the most. This finding should be kept in mind while the government of India is
aspiring to providing LPG to BPL and low-income households. Another lesson can be learned
from Brazil, where low-income households who had switched from solid fuels to LPG while
subsides were given, reverted to solid fuels once subsidies were removed [49, 52-54].
To summarize this section, while at first LPG seems a feasible cleaner-cooking fuels candidate for
Indian households, and is likely to remain part of the clean cooking energy portfolio in India for
the foreseeable future, in the long-run it may turn out to be only accessible and affordable to
households at the upper end of the income spectrum. Though an important tool to manipulate
consumer choice, subsidies might be unsustainable in the long run on the scale India is envisioning.
Several other things to keep in mind: (1) About 90 % of LPG is imported, a figure which is
expected to increase steadily and which poses a national energy security risk. (2) Mass usage of
LPG will significantly increase India’s GHG emissions. (3) The target households are highly
sensitive to price changes, and finally (4) the government initiative to promote LPG (PMUY) is
likely to do very little to reduce energy poverty amongst the very poor. In short, LPG does not
seem as promising a fuel for the masses as the government projects.

8.4.3 Natural gas or piped natural gas (PNG)
Natural gas, frequently referred to as piped natural gas (PNG), is another potential cleaner cooking
fuel alternative for India. It is most suitable for areas with high population densities, due to the
associated infrastructure cost (pipe distribution network). The combustion and emission
characteristics of PNG are similar to those of LPG, but the cost per meal for PNG is lower (Table
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8-1). It should be acknowledged that comparing end-use costs to draw conclusions is not fully
appropriate because the prices of both fuels are dynamic.
In 2015, only 7.14% of the total primary energy consumption came from natural gas [34]. Further,
more than 90% of the natural gas in India is consumed by industries, such as fertilizer, steel, and
power, and only the remaining portion goes to other sectors, such as cooking fuel and
transportation [34]. From an infrastructure perspective, the current length of the gas pipe network
is 15,000 kilometers, with a capacity of 401 million metric standard cubic meters per day
(MMSCMD) to supply both domestic and industrial consumers. The City Gas Distribution (CDG)
segment overlooks both the compressed natural gas (CNG) that is used as automobile fuel, and
piped natural gas (PNG) for domestic, commercial, and industrial use. Currently, CDGs operating
in 67 geographical areas supply PNG to 3 million households and have set a target to increase this
number to 10 million in the next 5 years. The target set is much less aggressive than that for
providing LPG connections to BPL households under the PMUY. From the current PNG consumer
base and the target set by the government, it seems like the priority is given to transportation and
other industrial applications of natural gas. This is a classic tradeoff position between industrial
and residential supply, and governments in such a scenario normally cater to industrial demand to
ensure unobstructed economic growth.
Natural gas is both imported (as liquefied natural gas or LNG) and extracted from domestic
reserves. Based on 2015 data, India has a reserve of 1488.73 billion cubic meters (BCM) of natural
gas, and 33.66 BCM was extracted in the same year. With the current rate of extraction and
reserves, domestic natural gas will last for only around 45 years. As presented in Figure 8-2 in the
form of energy content, 50.80 BCM of natural gas, worth 19 billion USD, would be required every
year, if all households currently using solid fuels were to be transitioned to PNG for cooking.
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Importing natural gas in the long-term is inevitable, if PNG is to be considered as a viable cooking
fuel alternative. In 2014-15, India imported 15.47 million metric tons of LNG, worth 631 billion
USD, which was 18.71% more than the previous year [34]. Imports of LNG in the following year
(2015-16) also increased by 17.67%, but the value of the imports decreased by 20.53% due to
decreased natural gas prices, highlighting the dynamic nature of the fuel price.
Against the increasing imports of natural gas in the form of LNG, the domestic production of
natural gas has been declining since 2010-11 at an average annual rate of 10.32%. Reasons for this
include natural depletion, underperformance and closure of some wells due to technical issues, and
lower consumption. Between 2008 and 2015, the overall national consumption (import +
production) of natural gas demonstrated an average decline of 2.36%, and therefore a projected
time to replace solid fuels with PNG cannot be calculated (Table 8-2). But as mentioned
previously, the government has set a target of connecting 7 million households in the next 5 years,
i.e., a growth rate of 1.4 million households per year. To facilitate comparison of PNG with other
fuels in Table 8-2, it would take 118 years to transition all households using solid fuels (165.9
million) to PNG. However, in terms of natural gas demand, an annual addition of 1.4 million
households to the PNG network would result in an additional requirement of only 0.43 BCM,
which is a mere 0.83% of the total natural gas consumed in India in year 2014-15.
The discussion so far indicates that even though the net consumption of natural gas is declining,
India seems to be prepared to increase the natural gas supply to meet the targeted increase in the
cooking sector demand. Unlike the targets set under the PMUY for LPG, the growth rate set for
PNG (1.4 million households per year) is very reasonable, or even a little less aggressive, based
simply on supply-demand data. However, infrastructure demands (pipe distribution network) are
yet to be examined. Due to economies of scale, it is safe to say that PNG will be limited to a few
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densely populated cities. Depending on the current cooking portfolio in those cities, a shift from
LPG to PNG might occur, thus relieving some pressure from the highly constrained LPG supply.
The surplus LPG could supply more affluent households who are still energy poor. It will be
interesting to see if more aggressive targets for PNG penetration in the cooking sector are set in
the future, and how they will affect LPG as a cooking fuel.
In summary, PNG is expected to grow its share in the cooking energy portfolio, although subject
to the same constraints as LPG: (1) energy security risks arising from the projected increase in
imported natural gas, (2) the highly fluctuating price of natural gas, and (3) increased GHG
emissions.

8.4.4 Biogas
Biogas, a mixture of methane (CH4) and CO2, is produced by the anaerobic digestion of organic
waste, typically cattle dung and household waste, at a residential scale. In India, most residential
scale biogas systems are targeted to those households with bovines which provide a continuous
supply of dung [55]. Biogas produces much lower emissions [37] than burning dung directly [41,
46] due to its higher combustion and thermal efficiencies. Even though the amount of energy
generated per unit mass of dung burned directly is more than double that generated by the
combustion of biogas produced from the same quantity of dung, the useful cooking energy is more
than double, due to the much higher efficiency of a biogas stove [56]. Moreover, the byproduct
of anaerobic digestion is manure, which is used to enrich soil for agriculture thus demonstrating
commercial value.
As discussed in Section 2, both the cost and environmental impacts of biogas are the lowest among
the cleaner cooking fuel alternatives. Previous studies have discussed the various advantages,
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significant potential, and challenges associated with biogas [56-59]. A cost-benefit analysis model
from the perspective of Indian households demonstrated that the benefits of biogas are the highest
among all cooking fuel alternatives. Offsetting this, the high capital cost is perceived as critical by
households when selecting a fuel [23]. But as Table 8-1 demonstrates, the long-term per meal cost
for biogas is lower than for any other clean cooking fuel, due to the free availability of dung.
Per the Government of India, about 4.75 million biogas plants had been installed in the country by
March 2014 [55]. But as of 2011, biogas was being used by only 1.02 million (0.4%) Indian
households, two-thirds of which were categorized as rural [29]. This indicates a big disagreement
between the biogas penetration reported by different government agencies. Under the National
Biogas and Manure Management Programme (NBMMP), the government target was to set up only
0.1 million new family-size biogas plants annually in the years 2012-16. Thus, it is difficult to
explain the increase from 1.02 million in 2010 to 4.75 million in 2014. If it is assumed that the
government provided biogas plants to 4.75 million households, the fact that a significantly smaller
number of households (1.02 million) reported using biogas for cooking raises concerns over the
sustained use of biogas. As with LPG, the current policies for biogas do not have a provision to
monitor its sustained use.
In comparison to the number of households using biogas for cooking, the number of households
using dung cakes is almost 20 times higher (19.61 million) [29], inefficiently burning 100 MT
dung annually [46]. This combustion adversely impacts both human health and the environment,
but also presents an opportunity for expanding the footprint of biogas. The biggest factor working
against the adoption of biogas is the high capital cost and space required for the anaerobic digester
[23]. As a part of NBMMP, the government of India provides subsidies, but only for around 0.1
million new biogas plants every year. This quite modest target is not commensurate with the
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number of potential users, as demonstrated in Table 8-2. The subsidy level varies with factors such
as the anaerobic digester size, region, and caste of the household members, covering approximately
40% to 80% of the required capital cost. The subsidies help households overcome the initial
barriers to switching to biogas. Moreover, for households with freely available dung, the average
cost per meal over the lifetime of the digester is lowest among all commercial fuels. Therefore,
investing in a biogas plant, even without any subsidy, is a profitable option for households that
have a regular supply of dung and are currently buying any other kind of cooking fuel. This
indicates that a fraction of the households that are still using solid-fuels but could afford a biogas
plant, with or without subsidy, may be convinced to switch to biogas by increasing public
awareness. This important tool, however, is yet to be effectively used by policymakers in India.
Raha et el. [58] highlighted the role of community empowerment, awareness, training, and
education, with a focus on women, in accelerating the adoption of biogas.
As another option of decentralized power generation, the Indian government is also promoting
large-scale biogas plants fed with animal waste and waste from forestry, rural agro/food industries,
kitchen wastes, etc. [55]. A subsidy in the form of central financial assistance (CFA) is provided
for such projects, along with assistance in their planning, construction, and implementation. This
plan allows any village-level organization to operate a centralized biogas plant and sell the energy
to the local community. Moreover, unlike residential-scale biogas plants, the implementing
organization of a centralized biogas plants is legally bound to maintain and operate it for at least
10 years. This is a welcome move when a significant fraction of households with biogas plants
seem to discontinue their use. For an idea about the scale and popularity of the Biogas Power (offgrid) Programme, information about the biogas plants proposed in 2014-15 is presented in Table
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8-3. Though this program offers multiple possibilities in terms of novel rural market development
and the creation of local employment, it has yet to achieve wide-scale penetration.
Table 8-3: A summary of the 96 biogas projects proposed to the government under the
Biogas Power (off-grid) Programme [55]

‘
Minimum
Maximum
Average
Total

Capacity of biogas
plant (m3)
85
4800
216
20725

Power generation
capacity (kW)
3
480
23
2213

Total CFA*
($)
1429
2257143
48929
4697143

*Central finance assistance (CFA) converted to USD using an exchange rate of 70 INR
per USD.

In summary, biogas seems like an ideal fuel in terms of both cost and emissions. Freely available
animal waste in rural households presents a good opportunity. But the rate of biogas adoption is
low. Unlike continuous subsidies in the case of other fuels, biogas subsidy is one-time financial
assistance to partially cover the capital cost required for the anaerobic digester. It would be
unrealistic to expect the government alone to realize the full potential of biogas generation. Though
private companies have now started entering this sector, the government can do more by
formulating policies that fully exploit market forces to further disseminate biogas plants at both
the centralized and decentralized levels [58, 59].

8.4.5 Electricity
Electricity should be viewed as a key component in the clean cooking energy portfolio of India,
and many other countries. Electricity has flexibility in its source, which could be both renewable
and non-renewable, opening the possibility of energy self-sufficiency and carbon neutrality. In
Ecuador, albeit a much smaller country than India with a population of only 16.5 million, less than
1% of total households use solid fuels [60]. But, to reduce reliance on fossil fuels, Ecuador is
promoting electric induction stoves, with a target of providing 3 million units by 2018 [60]. In
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developed nations like the USA, 55.6% of households use electricity for cooking, and the
remainder use natural gas and propane [61]. Electricity as a cooking fuel alternative has not yet
received much attention from the government and policy makers in India. Although, 67.3% of
Indian households have access to electricity, only 0.1 % households use electricity to cook [29].
Moreover, the fraction of households using electricity for cooking is as negligible in urban (0.14
%) as rural (0.70 %) India, even though electrification is much higher in urban India (92.7 %) than
rural India (52.3 %).
Table 8-4: Distribution of cooking energy among electricity, solid fuels, and LPG/PNG in states with more
than 90% of households using electricity for lighting

State

Himachal
Pradesh
Punjab
Haryana
Sikkim
Gujarat
Andhra
Pradesh
Karnataka
Goa
Kerala
Tamil Nadu

Households
(millions)

Households
with access to
electricity (%)

1.48

Cooking fuel used by households
Electricity
(%)

Solid fuels
(%)

LPG/PNG
(%)

96.8

0.2

58.8

38.6

5.41
4.72
0.13
12.18

96.6
90.5
92.5
90.4

0.0
0.0
0.3
0.0

40.5
54.5
53.4
52.8

54.5
44.0
41.3
38.3

21.03

92.2

0.1

59.1

35.8

13.18
0.32
7.72
18.49

90.6
96.9
94.4
93.4

0.1
0.1
0.0
0.1

60.7
21.9
62.9
44.4

32.5
72.7
35.8
47.9

Table 8-4 lists the Indian states where more than 90% of households (urban and rural combined)
use electricity for lighting, indicating access to electricity. In these states, electricity is essentially
not being used at all for cooking, mostly due to unreliable electrical service and insufficient power
capacity. Power outages vary by regions and seasons, and generally electricity is much less
unreliable in rural areas. In Himanchal Pradesh, which is among the most electrified states in India,
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Banerjee et al. [31] observed that only 5% of the households which were given an induction stove
used it as their primary cooking stove, which was attributed to an unreliable supply of electricity.
In the same study, 66% of the households primarily using LPG shifted to induction stoves.
Induction stoves also displaced LPG as a secondary fuel in 84% of households. The overall finding
from this study is that induction stoves can successfully displace LPG, which could be critical in
urban areas with better and more reliable electricity supplies.
Of those urban Indian households that have superior access to electricity, only 0.15% use
electricity for cooking. It is important to understand the reasons for this low penetration. The
discussion can be broken down into two parts: stoves, and fuel (electricity). Induction stoves are a
mature technology, and many choices of manufacturers and models are now available at affordable
prices on the Indian market. The sales of induction stoves are expected to grow at an annual rate
of 35% [30], which would be accompanied by expansion of the after-sales service and support
network, another factor important for a fuel transition [23].
Table 8-5: Power (electricity) sector portfolio of India in 2017 [74]

Electricity source
Non-renewable
Coal
Natural gas
Oil

Installed capacity (MW) (% of total)
215,215 (68.2%)
189,048 (59.9 %)
25,329 (8.0%)
838 (0.3%)

Renewable
100,211 (31.8%)
Hydro
44,413 (14.1%)
Nuclear
5,780 (1.8%)
Other sources*
50,018 (15.9%)
Total
315426 (100%)
*small hydro projects, biomass gasifiers, biomass power, urban and
industrial waste power, and wind energy
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Unlike other cooking fuels, electricity can be generated in many ways. Table 8-5 summarizes the
installed capacity as of 2017. Since the utilization factor is never one, the share of different
resources shown in Table 8-5 might not reflect the actual share of renewables and non-renewables
in the power being generated. Of the total installed capacity, 68.2% comes from non-renewable
resources, mainly coal (87.8%) and gas (11.8%), adding GHG to the environment. All this thermal
power generation is connected to a grid. The share of thermal sources (coal, gas, and oil) in the
installed capacity has been increasing with increasing demand. Between 2007 and 2015, India
added a capacity of 106 GW, with 91.2% coming from coal (82.3%) and gas (8.9%). Also, the role
of the private sector in centralized power generation (coal and gas) is increasing. While only 8.1%
of the added capacity in 2007-08 was owned by the private sector, the same figure for the year
2014-15 was 60.2%.
India currently has a total installed capacity of 315.4 Gigawatts electricity and produced 1.06
trillion kWh in the financial year 2015-16. The power deficit of 2.1% in 2015-16 reported by the
government seems too low, and depends on how the power requirement is estimated. Therefore,
let us just focus on the current production capabilities and what would be required to replace solid
fuels. As demonstrated in Figure 8-2 (Case Elec1 and Elec2), the amount of energy required is the
lowest for electricity, which can be attributed to the high efficiency of induction stoves. India
would require annually an extra 0.60 trillion kWh of electricity, worth 38.28 billion USD (based
on the 2017 average market price) if all households were provided electricity for cooking. The
amount of electricity required by all households just for cooking is more than 50% of the current
electricity production of India. It would require 0.40 trillion kWh of additional electricity,
amounting to be around 37% of the current electricity production, to transition all households from
solid fuels to electricity. This amount of energy corresponds to an installed capacity of 45.71 GW,
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which is only 14.5% of the current installed capacity. At the current growth rate, it would take just
5 years to increase electricity generation by the amount required to replace all solid fuel cookstoves
with electrical conduction cookstoves (Table 8-2). A simple energy balance on installed capacity
and electricity produced in the year 2015-16 demonstrates that the average utilization factor in that
year was only 42.63 %, so India has the theoretical ability to ramp up its electricity production by
a factor of 2. The low utilization factor indicates that India has surplus electricity, which raises the
question of why 31.4 % of households still use kerosene for lighting [29]. Like LPG, connection
to a power grid does not imply electricity usage, but still those households are considered to have
access to electricity. This creates a contradiction between the actual situation and the government
estimates, also highlighted in previous studies [62, 63].
From an emissions perspective, based on the ACI in 2013, 0.40 trillion kWh would lead to
annual emissions of 317.08 million metric tons of CO2. Moreover, this is an underestimated figure,
since due to transmission and distribution losses, the amount of electricity that would be required
would be more than 0.40 trillion kWh. If CO2 emissions presented above were to be lower than
those generated after transitioning all solid fuel users to LPG (200 million metric tons), the ACI
needs to be lower than 0.5 kg CO2/kWh. This steep reduction, of almost 37%, might not be
achievable if India continues to increase its reliance on coal and gas for electricity. In such a
scenario, increasing the share of renewables in the electricity generation portfolio is the only
option.
Currently, renewables constitute 31.8% of the total installed capacity (315.4 GW). Among
renewables, hydro and nuclear account for 44.4 GW (44.3%) and 5.8 GW (5.8%) respectively.
India has a huge hydropower potential of around 150 GW for both centralized and decentralized
power generation [64, 65], two-thirds of which is yet to be exploited. But there are growing
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concerns over the impacts of large-scale hydroelectric projects on the ecosystem [66, 67],
something to be considered beyond emissions and cost. This consideration demonstrates that
although cost and emissions related to a fuel or energy source do give first-hand information about
the eligibility of different fuels, a multi-disciplinary analysis is needed to completely understand
all the pros and cons of any option.
Renewables give flexibility in terms of the scale of power generation. Decentralized power
generation has been growing fast in India and has many advantages over centralized power
generation. Reduced transmission and distribution losses, lower infrastructure cost, and
accessibility to remote areas are a few of them. But the biggest advantage of providing electricity,
and especially decentralized, is its indirect contribution to the growth of local economies. Though
energy poverty does not always imply financial poverty, it usually does. Therefore, any initiative
seeking to eradicate energy poverty with ensured long-term sustainability must incorporate
provisions to increase the purchasing power of the affected population, as it is impractical for any
government to provide free or subsidized energy in the long-term. Increased access to a reliable
supply of electricity and its consumption acts as a driver of income growth [52, 68, 69]. Moreover,
decentralized power generation generates direct employment opportunities and creates a market
for solid fuels at a local level [70, 71].
There are other challenges associated with using electric induction stoves in India. Cooking
requires a large amount of energy in a period of 1-2 hours, making it a high-power activity.
Therefore, a surge in the peak demand for electricity, a critical parameter for power generation and
grid management, will occur due to the small time window in which most households cook their
meals. A well-engineered power generation system, coupled with a smart grid, will be necessary
to tackle this issue. In a South Indian state (Kerala), the recent surge in induction cooking by
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households increased the morning peak demand by a mere 200 MW, but this modest increase taxed
grid management so severely that the state government is now considering discouraging the use of
induction stoves [72]. This is a perfect example of short-term vision by the current policymakers.
Apart from technical and economic factors, increases in electricity theft (unbilled supply) are
associated with political events in India, where electricity theft sees a spike near election periods,
indicating a lack of political will to prosecute the thieves [73].
To summarize, electricity seems to be the best candidate among all the fuel alternatives for a longterm sustainable cooking energy option in all aspects. As the share of renewables increases in the
electricity portfolio, the ACI will decrease further, and hopefully achieve a level which is
environmentally sustainable and reduces reliance on fossil fuels, thus increasing the energy
sovereignty of India.

8.5 Conclusions
This paper discussed different cooking fuels in India and identified LPG, PNG, electricity, and
biogas as potential cleaner cooking fuel alternatives, based on supply, cost, and emissions.
Demand, based on those households currently using solid fuels, was compared with the supply and
growth rate of these fuels. Different government plans to promote cleaner cooking fuel alternatives
were analyzed.
Though cleaner than solid fuels, kerosene is not clean enough to be considered as a potential
cooking fuel. Biogas and electricity are the cheapest fuels based on cost per meal, and biogas has
the lowest environmental impact. Supply-demand analysis indicated that no single fuel alone can
meet the cooking energy requirements and completely eradicate HAP, but electricity seems to be
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most promising in the long-term. Still, the cooking energy portfolio of India will be a mixed bag
for a significant time to come.
The government’s focus on LPG as the cooking fuel for the masses and the latest initiative
(PMUY) to provide LPG to 50 million BPL households in next three years highlight a serious lack
of vision and planning. Current growth rates of LPG consumption, most of which is imported, do
not fit in the story of long-term clean cooking because India seems to be unprepared to increase
LPG production, import, and distribution on such a big scale. Moreover, the focus of government
on facilitating the first transaction of LPG, thus marking the household as an LPG user even if it
reverts to solid fuels, raises concern over the seriousness of the government in providing long-term
solutions to tackle HAP. More bad than good is expected from PMUY because a big chunk of the
solid-fuel user population (50 million households) will soon be registered as LPG users, even
though it is certain that they cannot afford its sustained use.
Currently used by only 3 million households, PNG seems relatively underexploited for cooking.
Any increases in PNG’s share of the cooking energy portfolio would help to shift LPG to different
consumer sections. Both LPG and PNG are fossil fuels, which could significantly increase India’s
GHG emissions. Moreover, when more than 90% of LPG is imported and imports of natural gas
have been increasing steadily, reliance on LPG and PNG to fulfil basic energy needs poses a
serious energy security risk. Therefore, the vision of LPG and PNG as long-term cooking fuels to
tackle HAP calls for reconsideration.
Biogas, with none of the drawbacks associated with LPG and PNG, is an ideal fuel on cost and
environmental impacts. Though biogas could potentially capture a significant share of the cooking
energy portfolio, especially in rural India, its growth rate is too low, potentially due to the subsides
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involved. Since biogas seems to be the cheapest cooking option in the long-term, even without
subsidies, public awareness and education can go a long way to promote its use. Policies and
regulations to attract the private sector to enter this market are needed.
Electricity is the most promising mass-scale cooking energy option with long-term sustainability
potential. Subsidies on the scale (67% of the total population) needed to eradicate energy poverty
are impractical and can only be used in the short-term. A long-term plan is required to ensure the
sustained use of cleaner fuel alternatives. Increasing the purchasing power of households is
imperative to have any chance of countering HAP. Electrification with a reliable supply can act as
an engine of growth, enabling development of commercial activities at a local level. Decentralized
(off-grid) power generation seems to be promising too, due to its high employment potential and
ability to service remote areas.
There are multiple concerns over current energy policies and their implementation in India. Due
to the scale and scope of the energy poverty leading to HAP, any initiative targeting it will
necessarily be a challenge. If such initiatives succeed, there will cascading improvements in terms
of health, environment, rural economy, education, and so on, which will benefit the country’s GDP
in the long run. Moreover, transitioning more than a quarter of the solid fuel user population will
have global impacts which might well outweigh the cost incurred. But to structure any such
program with realistic goals and sustainable outcomes, a correct estimation of the problem is a
must. The cooking energy portfolio being used by the government fails to capture the reality on
the ground. Depending on the type of fuel, its production, import, export, and distribution are
handled by different ministries, each seemingly with its own initiative. There is no coherent longterm vision towards a common goal. Apart from this lack of long-term vision, significant
improvements in HAP will require metrics for success.
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So, at last, is India ready for clean cooking? The short answer is not now, based on the current
priorities of the government. But India can potentially achieve not only clean cooking, but also
eradicate energy poverty within a decade or two, provided a comprehensive plan incorporating all
stakeholders with a long-term vision and realistic goals is executed well. Till then, the future will
remain smoky.
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9.1 Conclusions
The work presented in this dissertation enhanced the understanding of residential scale solid fuel
combustion via multi-scale studies, ranging from fundamental studies in a laboratory to regional
scale models. Lab scale studies investigated the evolution of cookstove emissions and their
variation with cookstove operating conditions and fuel properties. A 1-D steady state numerical
model for combustion in cookstoves was developed and integrated with a particle growth dynamic
model. In addition to the lab scale studies, field studies were also conducted in India. A regional
scale cost-benefit analysis model was also developed to explore the options beyond improved
cookstoves, i.e., cleaner fuel alternatives such as electricity and liquified petroleum gas. The major
conclusions drawn from the research can be summarized as follows:
i.

A

comparative analysis of the gaseous and particulate pollutants from two gasification-

based improved cookstoves operated with different types of fuel demonstrated high
sensitivity to operating conditions and fuel properties.
ii.

Unlike the physical characteristics of the particulate matter (PM), no trend could be
discerned in the chemical characteristics profiles of the emissions from the solid fuels
studied. Organic species dominated PM. Significantly higher PAH concentrations, but
lower organic PM mass concentration was observed for dry applewood, which raises the
issue of which metrics should assess the effectiveness of an ICS, or the quality of indoor
air Although this dissertation does not comment on the advisability of lowering the
concentrations of all species, or just target pollutants, this study does highlight the need for
multiple metrics, including chemical speciation, to be incorporated into future cookstove
studies and cookstove certification processes.
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iii.

A simple 1-D steady-state numerical model for combustion was integrated with a particle
growth dynamic model for TLUD stoves, modelled as co-current moving bed reactors. This
model facilitated understanding the effects of cookstove operating conditions and fuel
compositions on thermal and emissions characteristics. Emission characteristics were
found to be very sensitive to primary and secondary air fluxes, and to moisture and char
content of the fuels, and the degree of sensitivity varied considerably. Model results
demonstrated that a lower emission factor does not always mean a lower emission rate (a
proxy for personal exposure). This finding highlights the need to make current cookstove
testing protocols and standards more comprehensive, by including metrics like emission
rates, which are a better representative of personal exposure.

iv.

A field study enrolled 96 households using solid fuel cookstoves in India, examining a
range of variables, including novel metrics to quantify household air pollution (HAP), lung
functions, the health history of the mother and child, household characteristics, and various
socio-demographic indicators. The results enhanced our knowledge of associations
between HAP and lung function in rural southern India. This is the first epidemiological
study of its kind to include the lung deposited surface area (LDSA) of PM as a metric. A
significant proportion to the children and mothers demonstrated both obstructive and
restrictive lung defects. A key finding of this work was that the decreasing lung function
among children was significantly associated with increasing LDSA and CO levels, but not
with PM2.5. This observation, along with previous lab-scale fundamental studies, suggests
that future studies should incorporate additional PM metrics to better identify potential
health effects.
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v.

A low-cost wireless sensor network to measure spatio-temporal PM levels in households
using cookstoves was deployed in India to assess its performance and demonstrate its
feasibility. Data from the sensor network established the importance of spatio-temporal
measurements, which provided insights into the effects of multiple factors on personal
exposure, such as the household layout and ventilation characteristics.

vi.

A cost-benefit analysis model was developed to model and understand the factors and
complexities that would influence a change in the cooking fuel preferences of a household.
Benefit-to-cost ratios of cleaner fuel alternatives such as LPG, electricity and biogas could
surpass that of biomass if environmental externalities (indirect costs) and health benefits
are accounted for. The model also explained the low success rates of ICS initiatives and
indicated that price is not the only determinant for the adoption of an ICS. The model
demonstrated the critical features governing fuel selection and how these may be
manipulated to encourage adoption of cleaner fuels and cooking technologies

9.2 Future Directions
Improvements in cookstove technology have recently seen significant progress, but the complex
nature of the problem poses many challenges. Variations in both fuel type and its composition, as
well as in cooking style and the cultural norms of a given region, are but a few of these challenges.
Adding further to the complexity, a cookstove that performs well in a lab study might not perform
equally well in field conditions.
As a first suggestion, future research should more fully characterize different thermo-chemical
phenomenon such as drying, pyrolysis, gasification, and combustion, in different cookstoves under
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different operating conditions and their effect on pollutant formation, especially PM. The majority
of laboratory-based cookstove studies focus on emission characterization. While important, these
studies fail to sufficiently consider cookstove operation, which would facilitate design
improvements. Further, more studies that examine and seek to explain the combustion and
pollutant formation at varying scales, ranging from single particle combustion to packed bed
combustion in cookstoves. Fuel properties, cookstove design, and operating conditions all govern
a cookstove’s performance, but without controlled multi-scale studies, it is very difficult to
ascertain their combined effects on cookstove performance. In still other future work, the
numerical model presented here should be improved to overcome the limitations mentioned in
Chapter 4. The complex nature of the cookstove system demands rigorous utilization of various
numerical tools to complement experimental work.
The testing protocols and standards to evaluate cookstove performance can be improved. Improved
cookstoves in the field frequently demonstrate lower than rated efficiency. Therefore, data from
rigorous field studies should be analyzed and provided to the cookstove developers as a feedback
to facilitate development of a literally improved cookstove. Billions of people rely on and are
affected by these cookstoves, which clearly demands a wider range of and more accurate metrics
which better quantify both cookstove performance and emission health effects.
Improved cookstoves, while a useful interim measure, are not the final goal. Ultimately, solid
fuels must yield to cleaner fuel alternatives, not just because of the impacts on health but also to
reduce environmental degradation. Transitioning to cleaner fuels comes under the purview of a
specific government, so that government’s current state of technology, its resources, and its
policies require at least as much consideration as technological factors.
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Chapter 3
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In order to account for any gas-phase collection that may occur with the more volatile (2-ring, 3ring, and 4-ring) PAHs, additional experiments were performed with and without a high capacity
diffusion denuder installed before the TAG sampling inlet. The parallel-plate carbon diffusion
denuder (Sunset Laboratory Inc., Hillsboro, NC) removes gas-phase material through simple
diffusion. Dry and ambient applewood samples were used as cookstove fuels to acquire data at
low and high total relative organic concentration conditions, respectively; these fuels were chosen
because ambient applewood consistently gave total organic concentrations 10 times larger than
dry applewood in previous experiments. For this set of experiments, the TAG collection method
was increased from 2 to 4 minutes to ensure that sufficient signal was obtained, but all other TAG
conditions were maintained from previous experiments for consistency. Experiments were
performed in triplicate; a matrix outlining all conditions is given in Table S2. Once all data were
obtained, each of the 2-ring, 3-ring, and 4-ring PAH peaks were integrated. A correction factor
was determined for each PAH by dividing the average of the denuded (particle-phase only)
integrated areas by the average of the undenuded (gas and particle phase) integrated areas. Because
no statistically significant difference in PAH abundances was found between correction factors at
low and high total organic concentrations, an average between correction factors at low and high
total organic concentrations was taken for each compound. To simplify calculations, compoundspecific correction factors were averaged to obtain three overall correction factors corresponding
to 2-ring, 3-ring, and 4-ring PAH partitioning. Finally, each 2-ring, 3-ring, and 4-ring PAH
concentration value was multiplied by the appropriate correction factor to obtain the responses of
the PAH in the particulate phase. For PAHs with greater than 4 rings, the denuded-to-undenuded
integrated peak area ratios were typically found to be approximately 1, so 5- and 6-ring PAH
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concentrations were not corrected for partitioning. The correction factors used in this study are
provided in Table S3 and Figure S1.

Figure A-1: Final correction factors applied to correct for gas-to-particle phase
partitioning of different PAHs.

Table A-1: Dilution ratio and sampling times used for the different fuels

Fuel
Oakwood Pellet

Dilution ratio
4.3

Sampling time (sec)
120-480

Applewood

4.3

60-180

Dry Applewood

4.3

120

Dung

4.3

6-60

Coal

7.8

2-6
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Table A-2: Experimental matrix for the set of TAG experiments designed to correct for PAH gas-to-particle
phase partitioning.

Denuded
(particles only)

Undenuded
(gases and particles)

Dry Applewood
(low total organic concentration)
Run 1
Run 2
Run 3

Ambient Applewood (high
total organic concentration)
Run 1
Run 2
Run 3

Run 1
Run 2
Run 3

Run 1
Run 2
Run 3

Table A-3: Final correction factors used to correct for gas-to-particle phase
partitioning of 2-, 3-, and 4-ring PAHs.

Number of aromatic rings
2-ring
3-ring
4-ring

Correction factor
(denuded/undenuded)
0.48
0.53
0.91
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Table A-4: Responses for those PAH compounds identified in the TAG data categorized by fuel type and cookstove phase

Compound

Azulene

1-Methylnaphthalene

2-Methylnaphthalene

bibenzene

2-Chloronaphthalene

Fuel
Dung
Dried Applewood chips
Applewood chips
Coal
Pellets
Dung
Dried Applewood chips
Applewood chips
Coal
Pellets
Dung
Dried Applewood chips
Applewood chips
Coal
Pellets
Dung
Dried Applewood chips
Applewood chips
Coal
Pellets
Dung

SU
response
(10^3)
2735.0
634.5
448.5
369039
173.4
939.0
195.8
114.9
187057
34.5
588.4
134.4
77.1
123301
25.8
936.7
300.9
182.1
110216
39.8
70.3

SD
(10^3)
1236.4
272.9
78.7
135911
181.5
60.3
134.0
2.9
45833
48.8
17.2
82.7
14.6
27186
36.5
4.3
142.4
42.2
25157
42.8
16.4

SS
response
(10^3)
9305.4
3312.0
424.8
198626
13.5
2700.3
194.8
100.3
139506
2.2
1617.4
119.0
60.3
87459
1.7
4470.4
518.3
167.5
56685
8.9
163.9

SD
(10^3)
8608.3
2137.9
120.8
183428
2.5
1293.8
83.2
6.1
93449
0.3
804.6
53.1
3.3
72212
0.5
2446.3
163.1
28.2
26652
4.2
147.6

Ext
response
(10^3)
25375.3
233.3
88.6
27650
13.6
234.8
40.6
35.0
32485
1.9
4074.9
26.5
21.6
20085
1.9
6843.7
287.0
149.2
41429
6.5
529.6

SD
(10^3)
15954.7
90.0
12.4
14434
0.9
153.3
12.4
22.9
25010
0.6
2770.4
4.1
12.8
15527
0.2
3837.8
34.8
82.8
34116
0.6
545.9

2-Ethynyl-naphthalene

Acenaphthylene

Acenaphthene

1-naphthalenecarbonitrile

Dibenzofuran

Dried Applewood chips
Applewood chips
Coal
Pellets
Dung
Dried Applewood chips
Applewood chips
Coal
Pellets
Dung
Dried Applewood chips
Applewood chips
Coal
Pellets
Dung
Dried Applewood chips
Applewood chips
Coal
Pellets
Dung
Dried Applewood chips
Applewood chips
Coal
Pellets
Dung
Dried Applewood chips
Applewood chips
Coal
Pellets

79.2
25.5
4175
13.2
302.9
60.6
23.5
109699
0
2090.9
1786.1
252.9
1224085
12.8
416.9
89.3
129.0
51640
9.3
548.5
176.2
133.2
268960
10.3
783.6
253.7
85.2
335137
6.9
292

21.4
9.7
831
4.1
121.4
71.5
0.046
27673
0
616.2
363.4
12.7
347252
7.1
485.4
37.5
1.1
14057
10.8
288.7
15.1
16.8
78707
3.3
545.0
89.0
8.8
72711
9.7

175.2
28.5
4756
8.8
1328.2
83.9
46.7
55829
0.8
7601.5
7226.4
306.1
525546
9.5
12171.3
129.6
146.9
22929
20.4
12094.1
304.3
136.2
90848
16.2
3706.6
402.0
150.6
168324
40.5

162.2
10.6
3555
4.0
759.3
13.2
9.0
29577
1.1
4839.2
2343.5
39.0
380543
7.3
8648.4
52.8
53.6
19741
0.1
8611.5
64.7
54.3
76932
4.6
3275.7
74.0
103.7
108919
38.4

69.0
26.8
2102
9.5
893.7
48.5
41.5
31657
0
7582.8
8348.6
465.4
250704
7.0
2065.5
40.3
466.3
9781
66.2
2022.4
62.2
494.9
27305
59.3
1526.7
656.6
381.5
91426
14.0

5.9
7.6
1040
2.7
322.2
2.9
34.8
5473
0
4863.4
342.2
157.2
92950
4.4
384.7
57.1
82.5
1547
25.9
433.0
11.8
35.1
14141
24.7
1007.5
49.7
89.9
33554
5.8

2-naphthalenecarbonitrile

Fluorene

9H-Fluoren-9-one

Anthracene

Phenanthrene

Carbazole

Dung
Dried Applewood chips
Applewood chips
Coal
Pellets
Dung
Dried Applewood chips
Applewood chips
Coal
Pellets
Dung
Dried Applewood chips
Applewood chips
Coal
Pellets
Dung
Dried Applewood chips
Applewood chips
Coal
Pellets
Dung
Dried Applewood chips
Applewood chips
Coal
Pellets
Dung
Dried Applewood chips
Applewood chips
Coal

367.6
132.7
95.4
218626
21.3
947.4
101.2
33.5
742884
1.5
753.7
271.8
141.9
338726
24.0
3340.1
1178.9
846.2
4107369
161.6
906.9
353.9
187.7
4161428
203.1
2832.1
258.5
9.3
543784
293

120.5
63.8
39.4
45633
8.7
10.6
60.4
7.2
211397
2.1
475.6
201.6
44.6
321938
23.0
612.7
422.7
447.6
352892
115.7
226.9
130.4
109.1
415603
148.8
1910.0
447.7
13.2
15547

14326.0
246.1
102.8
75238
20.8
7391.7
213.5
23.9
339494
6.0
30889.5
334.4
131.3
103417
47.7
164938.1
2198.8
567.4
2334762
159.4
54296.4
614.0
122.6
2139145
126.3
32291.6
94.2
9.8
399852

8191.2
124.4
35.8
58363
7.5
5147.0
25.2
12.0
299165
8.5
18920.4
199.7
26.1
27926
13.3
99417.3
1308.8
78.0
2069885
29.3
30601.8
374.2
12.1
2439533
130.9
18294.8
95.1
13.9
383234

2109.1
5.2
230.1
22783
43.6
1176.7
17.3
75.3
105902
0.3
3871.4
0.0
53.2
70444
40.5
17059.7
438.6
745.1
677490
464.5
4228.2
167.6
309.4
306511
0
6166.1
0
0
72578

788.3
7.3
56.1
8248
20.4
317.3
7.5
52.5
55449
0.4
213.2
0.0
16.4
34366
0.2
3112.1
26.8
178.0
272286
93.1
1531.8
237.0
174.1
118605
0
4279.2
0
0
41427

1H-Phenalen-1-one

9h-pyrido(3,4-b)indole

Fluoranthene

Pyrene

Pyrene,1-methyl

benzo(ghi)fluoranthene

Pellets
Dung
Dried Applewood chips
Applewood chips
Coal
Pellets
Dung
Dried Applewood chips
Applewood chips
Coal
Pellets
Dung
Dried Applewood chips
Applewood chips
Coal
Pellets
Dung
Dried Applewood chips
Applewood chips
Coal
Pellets
Dung
Dried Applewood chips
Applewood chips
Coal
Pellets
Dung
Dried Applewood chips
Applewood chips

0
3918.5
454.3
58.9
720812
0
2399.1
14.5
0
13876
0
20777.7
2779.3
616.8
226630
74.8
22818.5
2784.3
480.5
1896194
40.2
1512.3
319.4
9.4
1559813
0
6919.3
1249.8
49.0
294

0
3038.8
580.1
0.6
24153
0
2246.2
25.0
0
19624
0
15150
3522.5
137.8
17776
48.7
17329
3167.5
71.6
391377
56.8
892.9
521.1
1.6
158658
0
7397.6
1878.2
15.5

0
24439.6
1012.3
85.2
387170
0
9315.0
7.8
0
9643
0
179056
13194.7
547.0
998523
73.6
136258.0
21055.3
445.5
1395870
41.7
12844.8
882.5
12.5
174652
0
25515.7
20212.7
78.7

0
15314.5
870.1
27.0
289510
0
16134.1
0.5
0
11641
0
114103
13810.6
169.1
1136118
31.1
142182
23707.7
153.3
324836
12.6
2633.4
815.9
4.7
131692
0
18499.7
20684.0
28.1

0
9693.5
0
0
115690
0
3928.2
0
0
4574
0
65485.3
71.5
139.2
1591917
63.4
68298.7
139.4
98.4
1440820
41.7
4971.4
0
0
175500
0
3001.9
0
0

0
1338.6
0
0
55307
0
5555.4
0
0
2382
0
14637.0
101.1
53.9
546625
10.4
18771.7
74.4
15.6
479117
1.5
668.2
0
0
97587
0
492.2
0
0

acepyrene

Benz(a)anthracene

Chrysene

Benzo(b)fluoranthene

7,12Dimethylbenz[a]anthracene

Coal
Pellets
Dung
Dried Applewood chips
Applewood chips
Coal
Pellets
Dung
Dried Applewood chips
Applewood chips
Coal
Pellets
Dung
Dried Applewood chips
Applewood chips
Coal
Pellets
Dung
Dried Applewood chips
Applewood chips
Coal
Pellets
Dung
Dried Applewood chips
Applewood chips
Coal
Pellets
Dung
Dried Applewood chips

101336
5495.8
9213.0
549.7
47.1
3085504
0
16005.5
2112.4
67.8
3269630
0
20178.9
2390.6
85.4
2346509
0
19572.9
5773.3
95.6
3507471
0
472.5
0
0
183081
0
7301.6
2317.8
295

14946
7772.3
6339.7
948.1
32.6
708767
0
777.9
3659.3
15.6
566624
0
4046.9
3928.0
120.8
369980
0
2879.8
10630
99.1
396343
0
123.5
0
0
14514
0
1179.0
3521.1

406158
0
28750.1
2725.4
30.3
806170
0
34004.3
3629.4
41.9
2252901
0
39319.1
4235.8
93.5
1687820
0
29392.0
10371.6
64.4
2438954
0
1500.6
12.4
0
243563
0
9833.3
3650.1

490408
0
24605.2
1490.2
25.0
82605
0
22055.8
3817.1
0.4
1144789
0
26335.3
4013.2
12.7
630797
0
19938.5
12460.7
24.8
1934580
0
1407.2
17.6
0
320498
0
5950.8
2905.0

319208
0
10022.1
0
0
414643
0
21434.5
0
0
598778
0
33317.2
0
0
559084
0
21758.5
0
0
579209
0
969.4
0
0
9125
0
4821.6
0

404322
0
6974.2
0
0
454871
0
5664.7
0
0
547318
0
2860.9
0
0
420050
0
5966.9
0
0
638293
0
32.7
0
0
10225
0
6818.7
0

Benzo[e]pyrene

Perylene

Benzo(a)pyrene

13H-Dibenzo[a,h]fluorene

Indeno(1,2,3,c,d)pyrene

Dibenz(a,h)anthracene

Applewood chips
Coal
Pellets
Dung
Dried Applewood chips
Applewood chips
Coal
Pellets
Dung
Dried Applewood chips
Applewood chips
Coal
Pellets
Dung
Dried Applewood chips
Applewood chips
Coal
Pellets
Dung
Dried Applewood chips
Applewood chips
Coal
Pellets
Dung
Dried Applewood chips
Applewood chips
Coal
Pellets
Dung

0
987291
0
0
0
0
0
0
7126.4
2494.0
15.5
1241897
0
13668.0
700.7
43.2
2152993
0
576.2
364.9
0
284272
0
5360.1
2696.3
23.1
1057168
0
319.7
296

0
134939
0
0
0
0
0
0
2845.3
4362.4
21.9
225662
0
4731.3
739.7
61.1
344799
0
530.0
729.9
0
58922
0
5327.6
4169.4
32.6
172698
0
452.1

0
657537
0
0
0
0
44776
0
12763.6
6200.4
29.5
809745
0
21775.6
7104.2
23.3
1669287
0
818.9
58.3
0
263037
0
9317.4
4548.5
0
605788
0
639.4

0
344915
0
0
0
0
63322
0
8740.0
6980.4
7.0
617618
0
15992.1
8408.6
32.9
1388169
0
716.1
37.5
0
275426
0
6385.0
5775.0
0
570342
0
653.2

0
198049
0
0
0
0
33387
0
9607.0
0
0
225279
0
14101.4
0
0
422285
0
782.1
0
0
18863
0
4139.8
0
0
171028
0
0

0
280084
0
0
0
0
47216
0
867.1
0
0
237660
0
3438.5
0
0
474403
0
22.5
0
0
14508
0
3843.4
0
0
225506
0
0

Dibenz[a,c]anthracene

Benzo(g,h,i)perylene

Anthanthrene

Dibenzo[a,e]pyrene

Dibenzo[a,l]pyrene

Dried Applewood chips
Applewood chips
Coal
Pellets
Dung
Dried Applewood chips
Applewood chips
Coal
Pellets
Dung
Dried Applewood chips
Applewood chips
Coal
Pellets
Dung
Dried Applewood chips
Applewood chips
Coal
Pellets
Dung
Dried Applewood chips
Applewood chips
Coal
Pellets
Dung
Dried Applewood chips
Applewood chips
Coal
Pellets

236.1
0
0
0
737.7
303.3
0
177108
0
4387.6
2481.6
15.3
779392
0
4211.0
2622.4
15.9
776363
0
731.9
499.2
0
238619
0
493.7
0
0
154581
0
297

472.3
0
0
0
523.6
606.7
0
68214
0
4741.9
3673.7
21.7
128027
0
5556.3
3959.1
22.5
96274
0
803.8
998.4
0
14459
0
698.2
0
0
3687
0

0
0
0
0
1054.3
0
0
105338
0
8237.5
13045.8
12.7
496619
0
3434.6
12960.7
9.3
499659
0
1447.1
0
0
113681
0
988.8
0
0
73328
0

0
0
0
0
1054.0
0
0
63075
0
6173.0
14974.0
18.0
478434
0
1214.8
14712.9
13.2
494923
0
1028.8
0
0
142513
0
521.3
0
0
103702
0

0
0
0
0
962.1
0
0
44114
0
4751.5
0
0
144824
0
2505.8
0
0
155569
0
233.5
0
0
23348
0
0
0
0
38053
0

0
0
0
0
1360.6
0
0
44114
0
1835.9
0
0
176849
0
1757.0
0
0
191462
0
330.3
0
0
33019
0
0
0
0
53816
0

Dibenzo[a,e]fluoranthene

Coronene

Dung
Dried Applewood chips
Applewood chips
Coal
Pellets
Dung
Dried Applewood chips
Applewood chips
Coal
Pellets

461.0
561.4
0
176260
0
565.5
308.1
0
92705
0
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652.0
1122.8
0
3654
0
799.7
616.1
0
12315
0

869.6
0
0
80280
0
891.6
1569.8
0
38136
0

927.8
0
0
113533
0
945.3
2220.1
0
44111
0

0
0
0
0
0
399.0
0
0
10460
0

0
0
0
0
0
564.2
0
0
14792
0

Appendix B
Supplementary Figures and Tables for
Chapter 4

Figure B-1: Flux profiles for (A) fuel moisture, (B) dry biomass and (C) char
along the fuel bed in the primary combustion zone for the three primary air
flow rates (AF1, AF2, and AF3).
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Figure B-2: Combustion rate vs. primary air flux.
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Figure B-3: Effect of primary air flow rate on the post-primary combustion zone emission factors and
emission rates of (A) CO and (B) tar.
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Figure B-4: Effect of the moisture content of the fuel on the temperature profiles of the solid (A) and gas (B)
phases along the fuel bed in the primary combustion zone.

303

Figure B-5: Combustion rate vs. fuel moisture content.
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Figure B-6: Flux profiles for (A) fuel moisture, (B) dry biomass and (C) char along the fuel bed in the
primary combustion zone for fuels with 5% (M1), 10% (M2), 15% (M3), and 20% (M4) moisture content.
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Figure B-7: Mole fractions of CO, tar, and CO2 along the fuel bed in the primary combustion zone for fuels with (A) 5% (M1), (B) 10% (M2), (C)
15% (M3), and (D) 20% (M4) moisture content.

Figure B-8: Flux profiles for (A) fuel moisture, (B) dry biomass and (C) char along the fuel bed in the
primary combustion zone for fuels with 25% (C1), 50% (C2), and 75% (C3) char content.

Figure B-9: Effect of the char content of the fuel on the temperature profiles of the solid (A) and gas (B)
phase along the fuel bed in the primary combustion zone.
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Combustion Rate
(kg dry biomass/hr)

2.0

1.6
1.2

0.8

0.4

0.0
25% (C1)
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75% (C3)

Char Content of Dry Biomass
Figure B-10: Combustion rate vs. char content.
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Figure B-11: Mole fractions of CO, tar, and CO2 along the fuel bed in the primary combustion zone for
fuels with (A) 25% (C1), (B) 50% (C2), and (C) 75% (C3) moisture content.
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Table B-1: Geometric mean diameter (GMD), total particle concentration, and particle surface area concentration
calculated from the particle size distribution obtained from simulations for different cases

Case ID
AF1
AF2
AF3
M1
M2
M3
M4
C1
C2

GMD (nm)
512.8
401.1
147.3
46.0
147.3
339.0
325.0
147.3
8.0

Total particle
concentration (#/cm3)
3.52E+07
5.86E+07
1.00E+08
1.56E+08
1.00E+08
8.63E+07
9.00E+07
1.00E+08
4.16E+08
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Surface area concentration
(m2 particle surface area/m3 gas)
39.7
40.5
9.3
1.4
9.3
42.5
40.8
9.3
0.1
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